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Zusammenfassung

Zusammenfassung

Deutsch: Die Streuung zweier Vektorbosonen ist ein Prozess der sich sehr gut fiir die Un-
tersuchung der elektroschwachen Symmetriebrechung eignet. Ohne ein Higgs-Teilchen oder
einen anderen equivalenten Mechanismus verletzt der vorhergesagte Wirkungsquerschnitt der
Streuung zweier longitudinal polarisierter Bosonen bei hohen Energien die Unitaritdt. Eine
genaue Messung des Wirkungsquerschnitts dieses Prozesses kann Hinweise darauf geben, ob
es sich bei dem beobachteten Higgs-Teilchen um das Standard Modell Higgs handelt oder
wie Physik jenseits des Standard Models aussieht. Diese Arbeit untersucht wie die Polari-
sation der Vektorbosonen aus den mit dem ATLAS Detektor gemessenen Zerfallsprodukten
extrahiert werden kann. Daftir werden zwei Arten der Erzeugung von Simulationen mit po-
larisierten Bosonen untersucht. Es wird gezeigt, dass der Ansatz mit Hilfe der narrow-width-
approximation (sinngeméf: Naherung der schmalen Breite) bessere Ergebnisse liefert als die
Methode des Umgewichten die in bisherigen ATLAS Publikationen verwendet wurde. Zuletzt
wird die Empflindlichkeit verschiedener kinematischer Variablen auf die Polarisation der Boso-
nen untersucht. Fiir das Z Boson sind das der Cosinus des Zerfallswinkels sowie Variablen des
rekonstruierten Teilchens. Die Polarisation des W Bosons lédsst sich am besten durch Observ-
ablen seines Leptons oder des fehlenden Impulses bestimmen. Die Balance der transversalen

Impulse der Jets ist sogar auf die Kombination beider Bosonen sensitiv.

Abstract

English: The scattering of two vector bosons is a process well suited for studying the mecha-
nism of electroweak symmetry breaking. Without a Higgs boson or an equivalent mechanism
the predicted cross section for the scattering of longitudinally polarized bosons violates unitar-
ity at high energies. A precise measurement of the cross section of this process could eventually
help us to understand if the observed Higgs boson behaves like a Standard Model one or might
give us hints at new physics beyond the Standard Model. This work investigates how the
polarization of the vector bosons can be extracted from the decay products measured with
the ATLAS detector. To do this two methods of generating simulations of polarized bosons
are studied. It will be shown that the approach of using the narrow-width-approximation is
superior to the reweighting method used so far in ATLAS publications. Lastly the sensitivity
of kinematic variables to the polarization of the bosons is investigated. For the Z boson these
are the Cosine of the decay angle as well as variables related to the reconstructed particle. The
W’s polarization can be best measured with observables of its lepton as well as the missing
transverse momentum. The balance of the jets transverse momenta is even sensitive to the

combination of both bosons.
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1 Introduction

Physics is the natural science that describes how matter interacts with each other and how these
interactions affects their movement through space. Different areas of physics exist that deal
with objects of different sizes and interactions. There are applied fields like medical physics|[!]
and biophysics[?] that deal with the physical aspects of medicine and biology. Condensed
matter physics|3] mainly handles the physics of matter that is in its solid or liquid phase. One
question these fields of physics don’t directly deal with is the question whether or not there
are objects, particles, that can not be subdivided into smaller ones and what their properties
and interactions with each other are. The field that deals with this question is particle physics.
As their name suggests atoms, Greek for 'unable to cut’, were the first particles presumed to
be fundamental.[!] This eventually proved to be false. As did some later hypothesis regarding
fundamental building blocks, like nuclei or protons. Our current and very well tested theory
for what these particles are and how they interact is called the Standard Model of particle
physics (SM). It lists 18, or more depending on how one counts, elementary particles that
make up everything in our universe. Although dark matter[5], dark energy[0] and some other
things prove that this is not 100% the case the SM is currently still our best working theory
as no alternative candidate has made further measured predictions.

The SM was established in the 1950s and 60s [7, &, 9, 10, 11] and with the Higgs boson its last
predicted particle was found in 2012 [12, 13]. This was done with the Large Hadron Collider
(LHC) [11] at CERN. Since this was the last prediction of a particle by the SM, further
tests of the theory have to be more precise measurements of the properties of these particles
and their interactions. This includes overall cross sections as well as kinematics of particles
after the collision. The particle content of the SM may be complete, but all of the predicted
interactions of the particles have been observed so far. To gain a deeper understanding of
the SM one approach is to try to measure those predictions. One of these ,predicted but
rare processes, is the scattering of vector bosons (VBS) and specifically the scattering of the
longitudinally polarized modes of the particles.

This process is of special interest because it is deeply linked to the electroweak (EW) symmetry
breaking (EWSB) of the SM. The overall process of W*Z vector boson scattering has just
recently been observed for the first time at the ATLAS[15] detector at the LHC in the final
state of a leptonically decayed W and Z boson alongside two jets W*Zjj [10].

This works builds upon a previous thesis [17] and studies different methods of generating sim-
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ulated data with polarized bosons, compares their results and use them to find the observables
most suited to eventually observe the scattering of longitudinally polarized W and Z bosons.
In this study on the leptonic decays of the bosons into electrons or muons is considered.

Chapter 2 of this thesis describes the theoretical foundation needed to follow the rest of
the descriptions. This includes the above mentioned Standard Model of particle physics,
specifically the EW theory and EWSB as well as how to extract measurable predictions out
of it. An in depth discussion of polarization and what VBS is and why it is important are
also part of this Chapter. In Chapter 3 the LHC and the ATLAS detector are described as
the parameters of the simulations used in this work are strongly based on the properties of
these two machines. Chapter 4 deals with how the simulated events are generated. Specifically
which generators were used, what their strengths and weaknesses are and what exact purpose
they served. Additionally it will be explained how exactly polarized events where extracted
from these produced events. The explanation how the events were eventually processed and
which phase spaces (PS) were used to analyze the data can be found in Chapter 5. The results
of this analysis as well as the discussion of those is also part of this chapter. Lastly Chapter

6 gives a summary of this work as well as an outlook on future possibilities.



2 Theoretical Basics

To be able to make predictions and give hints where to look for yet undiscovered phenomena a
physical theory has to be more than just a an assortment of measurements and an extrapolation
between those but rather a model that combines all these measurements, explains links between
those and ideally explains the underlying way according to which the real world functions.
Such a theory can then make predictions about what happens in scenarios that could not be
tested so far because of technical limitations and possibly predict differences from a simple

extrapolation between already done measurements.

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics (SM) is the theory that currently best describes the
three fundamental interactions that play a significant role at the level of elementary particle
physics. These are the strong interactions, the weak interaction and the electromagnetic one.
It does not describe the fourth one, gravity, as it is too weak to probe at the scales we can
currently deal with in particle physics.
To describes all of these things quantitatively the SM is a gauge quantum field theory with a
local

SU@B)e x SU2), x U(1)y (2.1)

gauge symmetry. This means that any term in the Lagrangian of the SM must be invariant
under this symmetry. The invariance under this symmetry leads to conserved quantities as
per Noether’s theorem [18]. These are the electric charge, the weak hyper charge, the third
component of the weak isospin and the (strong) color charge. The part of the SM that is
responsible for the strong interaction is the SU(3) subgroup and if viewed separately called
QCD [19, 20]. The remaining SU(2)xU(1) group deals with the electroweak interaction, com-
bining the weak and the electromagnetic one. In the SM this symmetry is broken by the Higgs
mechanism. How this happens as well as more information on the electroweak interaction in
generally will be discussed in the following Section 2.1.1.

In addition the SM addresses which fundamental particles exist in our universe and how they
each couple to these interactions.

These particles are separated into two main categories. The first one contains all particles

with a half-integer spin. Those are called fermions, follow the Fermi—Dirac statistics and thus
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describe 'matter particles’. Although only three of the 12 particles in this category make up the
stable matter that we deal with in our everyday lives. These are the electron e, the up-quark
u and the down-quark d. The last two make up protons p and neutrons n. For each of these
particles there are two more with identical quantum numbers. The only differences are the
mass. The three particles we encounter in every day live are part of the first generation. The
identical ones with a bit more mass are part of the second and the ones with the most mass
are in the third generation. The fermions can be divided further. Namely by which charges
they hold or equivalently which interactions they take part in. Quarks interact via all three
interactions. They have a color charge, an electric charge interact through the weak interaction.
The particles that have no strong charge are called leptons. A second significant difference
between leptons and quarks is that leptons have an integer electric charge and quarks have
electric charges of multiples of % However those one-third charges can never be seen directly
as quarks can only be observed in color neutral configurations, which also always have integer
electric charges. This property is called confinement [21]. The last so far unnamed group of
particles in the SM are the neutrinos v. There is one for each of the charged leptons. Neutrinos
also fall into the category of leptons as they do not couple to the strong interaction. They do
however have an electric charge of zero which means that they only interact through the weak
interaction which also makes them not partake in every day life and also extremely difficult
to detect and measure. A list of all the fermions in the SM as well as their properties can be
found in Table 2.1. Additionally every Fermion has an associated antiparticle with the same
mass and every quantum number reversed. For the electron there is the positron e*, for the

muon there is the antimuon p* and so forth.

Generation | Fermion Mass in MeV (el. Charge, T5)
Ist e~ electron 0.511 (—le,—1)
V. electron-neutrino <1.1x10°° ( Oe, %)
u  up-quark 2, 16f8:§2 ( %e, 1)
d  down-quark 4, 67f8ﬁ$ (—3¢,—1)
2nd @~ muon 105.7 (—le,—1)
v,  muon-neutrino < 0.19 ( Oe, 3)
charm-quark 93+ ( 2¢, 3)
strange-quark 1270 + 20 (—3€,—3)
3rd 7~ tau 1776.86 = 0.12 (“le,—1)
v, tau-neutrino < 18.2 ( Oe, 1)
t  top-quark (172.9 £ 0.4) x 10° ( 2¢, 3)
bottom-quark 4180139 (—ge, —3)

Table 2.1: List of Standard Model fermions. For each one there exists an antiparticle with
the same mass but all charges reversed. Values of the masses from [22].

The other major group of particles in the standard model are the bosons. They have integer

spins and obey Bose—Einstein statistics. The majority of those are gauge bosons needed to
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conserve gauge invariance of the theory and mediate the fundamental forces between the
fermions. These are the photon ~ for the electromagnetic interaction, the W* and Z bosons
for the weak interaction and the eight gluons ¢ for the strong interaction. They are also called
vector bosons as they all have a spin of 1. Throughout this thesis when a particle can be either
of the first three it will be denoted by V.

The other one is the Higgs boson H which has a spin of 0 and plays a crucial role in how
particles gain mass. Table 2.2 contains all of these particles, some of their properties and

which fundamental force they mediate.

Interaction Boson Mass in GeV el. Charge | Spin

electormagnetic | photon <1x107% Oe 1

weak W* W bosons | 80.379 4 0.012 +le 1
Z Z boson 91.1876 + 0.0021 Oe 1

strong g gluons 0 Oe 1

3 H  higgs 125.10 £ 0.14 Oc 0

Table 2.2: Properties of all Standard Model bosons sorted by the interaction their are
mediating. Values from [22].

2.1.1 Electroweak Theory and Symmetry Breaking

As proven by experiments the weak interaction violates parity. This means that it treats
different chiralities differently [23]. To account for this in the unification of the electromagnetic
and weak interaction the fermion fields have to be split into their left- and right-handed parts.

This is done via the projections

1 ok
=—(1F=|. 2.2
om=3 (1% %) v 22)
Here v stands for the four-component spinor of the Dirac field and +° the fifth Dirac matrix
(more in Appendix A.1). By construction the chirality projections obey

Yr+ YR = 1. (2.3)

In the SM the parity violation is then realized through the SU(2);, subgroup with the genera-
tors T,. Each particle is then an eigenstate to T3. For the left-handed fermions T, = %aa and
for the right-handed fermions 7, = 0. Here o, stands for the pauli matrices (more in Appendix
A.1. This means that the left-handed ones are represented by SU(2), with an eigenvalue of

T3 of ﬂ:% and the right-handed ones as singles with an eigenvalue of 0. So the first generation
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leptons can be written as.

. ]/e
L} = ( ’L) Ip = en. (2.4)

€r

For Quarks this works analogously with Qi representing the left-handed doublet and ug and
dr being the right-handed singlets. On top of that the weak hypercharge Y is introduced for

each particle with

Q=Y +1T;. (2.5)

With all of this the Lagrangian of the EW sector can be written as

Lew =Y iLy DL} + il Dl
j=1

+iQ Q] + WDy + idp P}, (2:6)
1 1
— EWQWW;W — ZBWBW’
where
D =9"D, (2.7)
D,=0,+ igWTaW;f +1ig9vY B, (2.8)
and
B,uz/ - a,uBz/ - aqu (29)
Wi, = 0.We + O,W + gwe ™ WiWy. (2.10)

Here € is the Levi-Civita symbol and W B, and are the gauge fields of the SU (2);, and
U(1)y subgroups respectively.
The terms in the first two rows represent kinetic terms as well as terms of interactions with

the gauge bosons. Gauge boson self interactions as well as their kinetic terms are described in
the third row.

Due to the extra terms in the covariant derivative this Lagrangian is invariant under the

transformation

W — exp(i(a(z)Y + Bu(x)T,))1. (2.11)

For this to hold true the gauge fields have to transform as well according to
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1

B, — B, — —0,a (2.12)
gy
1

W; — W; - giwéuﬁa - Eabcﬁbﬁc- (213)

As is this Lagrangian does not directly represent the physical world. This is obvious as at
this moment no particle has a mass while in nature all the fermions ' as well as the W= and
Z boson have mass. Another aspect is that none of these particles can be either the photon
or the Z boson as all these particles couple to neutrinos while the photon does not and all
of these particles either treat left- and right-handed particles the same or do not couple to
right-handed particles the same while the Z boson does neither.

To solve the first problem the one could naively introduce mass terms as

1

‘Cfermionmass = m@w Lbosonmass = _5 XQ/V;LV“- (214>

These however are not gauge invariant. To generate these mass terms a complex scalar SU(2)

doublet with ¥ = % is introduced
o+
b = o0 | (2.15)

¢ — exp(ia(x)Y + if,(z)T,)P. (2.16)

It has the gauge transformation

Additionally a potential is introduced with
V(®) = —p20Td + A(DTD)?, (2.17)
with the two real free parameters A, © > 0 This makes the total Lagrangian for this field
Liiggs = |Du @ + 1201 — \(®Td)2. (2.18)

The minimum of this potential can be found as

2
L
[@°F +[@7* = 5 (2.19)
If one chooses @ = ( then
oo — v 2.20

Tt is still possible that one neutrino is massless. However, this is not expected.
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which means that the vacuum expectation value for this field is

1 {0
= (U) (2.21)

This vacuum state however is not invariant under the full SU(2);, x U(1)y symmetry. It is

however invariant under the transformation

Oy — O = exp{z’@(x) (; 8) }(IDO (2.22)

~wsa )+ 2

_ [(14id0(x) O 0y 1 (0}
R [T

This matrix however is the sum of 75 and Y x 1

10 1(1 0 1(1 0
Y A Y P

So it is invariant under the new subgroup

If one expands this doublet around it vacuum value one generally gets

_ Oy(x) + i61(x)
R (Jﬁ(v + H(z)) + z'eg(x)) ’ (2.27)

with H and 01, 05, 05 as real scalar fields. Using gauge invariance this can be transformed into

1 0
o = NG (U .\ H@)) . (2.28)

Inserting this into Equation 2.18 yields

V2

0 v x 0 v T 0
Liggs = | Dy (u+H(x)> ?+ (0 +5§( )) (u+H(m)> - )\((0 %) (U+H(m)>)2' (2.29)

Focusing on the first term results in
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1 o 0
D,®|?> == g —W + igyY B 2 2.
Dy 2|(8“+19W2W“+Zgy 2 (U+H(x))| (230
_1 O+ 5(gw Wi + gvY By) o (WL — i) 0 2 (231)
2 (W4 W) Oy — 5(gwW? —gyYB,) ) \v+ H(x)
1 1 1
= 5(8MH)2 +3 s+ HP WL — W2+ g(v + H)?|gwW} — gy B,|” (2.32)

Here the first term obviously represents the kinetic term for the Higgs boson and the other
two represent some sort of mass and interaction terms for the gauge bosons. To get physical
mass states this mass matrix has to be diagonalized. The result of that are the four particles

defined as

1 .
W, = E(W,} FiW?) (2.33)
7, — Wi~ 9v By (2.34)
C et |
SN |
This changes the last two terms to
g2 @+ ¢
(v + H)Q(TWWJW’“ + %Zﬁ&zu +0A,A). (2.36)

The Terms proportional to v? represent the mass terms of the particles while those proportional
to vH and H? deal with coupling of one or two Higgs bosons to a pair of the vector bosons.

The masses are now easily read off as

1
M = 5 gwv (2.37)
1
my = 51)\/931/ + g% (2.38)
ma = 0. (2.39)

These particles now represent the physically measured particles with their masses. This means
that they also have to correctly describes their interactions with other particles. One example
that this is the case is that the A field does not couple to neutrinos at all just like the real
photon.

The last part left to discuss is the potential.

Liiggspor = 2070 — \(DTd)2, (2.40)
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0
With QDZ% ( N H) and v? = “72 this results in
v
Av? A
TU(U +HY — S0+ H)' (2.41)
AR U 3 4
- H —Z(6UH +4vH’ + H) (2.42)
A
—  NPH? — MH? — 2 H (2.43)

4

2
Here the first term corresponds to mTH and the other two to triple and quartic Higgs self
coupling.

This means the mass of the Higgs boson can be written as
myg = V2 (2.44)

The value of the vacuum expectation value v can be measured in Muon decays using Equation
2.37 is determined to approximately 246 GeV. Combined with the measured Higgs mass of
(125.10 £ 0.14) GeV a value for A can be calculated. With that all the values of the Higgs self
coupling are know whose measurement can be another test of the SM that will however not

be discussed in this thesis.

Finally Yukawa couplings are introduced by hand to account for the fermion masses as

Ly =Yyl L0 + ) Qrice®uly + v Q1 Pd%, + h.c. (2.45)

=1

Those combined with the not discussed Lagrangian of QCD gives the total SM Lagrangian as

»CSM = ﬁew + »CHiggs + EY + »CQCD- (2.46)

2.1.2 Cross Sections and Event Numbers

To test whether the SM or any other theory is the one realized in nature we can not directly
test if the Lagrangian is the true one since we can not measure it in any experiment. To
get measurable prediction we have to find all Feynman graphs that connect our initial state
with our finale state. After that one has to employ Feynman rules to convert these into matrix
elements M. For every process there exist an infinite number of feynman diagrams. These can
be ordered by the number of fundamental couplings a,, oW, aem. As long as these couplings
are smaller than 1 diagrams of a higher order in these couplings will contribute less and less to

the final matrix element. If one only considers diagrams of the lowest order these predictions
are of 'leading order’ (LO).
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From these matrix elements one can obtain the cross section for the process of interest as
do o< |[M?|dd. (2.47)

Here d® is the differential volume of the phase space one is considering and do the differential
cross section.
From that one can finally calculate an event rate which is what can be observed in experiment.

This even rate is given by
N=o¢-2. (2.48)

Z stand for the Luminosity which involved accelerator and detector effects.

Since this thesis is based on the LHC accelerator the Luminosity of this machine is needed to

calculate the measured event rates. It is given by|[l4]

g _ N%”fbfreer

F 2.49
dre, B* ’ ( )

where N, is the number of particles per bunch, n, the number of bunches per beam, f,.,
the revolution frequency, 7, the relativistic gamma factor, €, the normalized transverse beam
emittance, §* the beta function at the collision point and F' the geometric reduction factor

due to the crossing angle at the interaction point.

2.2 Polarization

Polarization describes the alignment of a particle’s spin with a given direction. Here this
direction is chosen as the one defined by the momentum of the particle. This is quantified
using the helicity A defined as the projection of the spin S onto said direction of the particle’s

momentum p’

5 D
h=5.%1. (2.50)
p|

The helicity of a particle is only Lorentz invariant if that particle is massless and thus always
travels at the speed of light. If it has a mass then one can boost into a frame where the particle
is moving in the opposite direction while the spin retains its. This means that the helicity of
the particle switches. Due to this one has to be careful to keep track of the frame in which
the helicity was defined in. The laboratory frame is a common choice for this frame but it will
not be the only frame considered in this work.

For a particle with spin S and a mass greater than 0 there are 25 + 1 possible eigenvalues for
its helicity. Massless particles can only have a helicity of £5. Since W* and Z bosons are
massive and have spin 1 the three possible values for h are 0 and 1. The first one means that

the spin is orthogonal to the direction of the momentum and is called longitudinally polarized
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and particles with this helicity will be denoted by V. A helicity of +1 corresponds to a spin
aligned /antialigned with the direction of momentum. These are called right and left-handed
polarizations or taken together referred to as transversal polarization. Particles with either of

these helicities are written as Vr.

2.3 Vector Boson Scattering

As discussed in Section 2.1.1 Equation 2.6 contains terms describing triple and quartic gauge
boson self interactions. This chapter deals with a special set of processes that not only contain
the triple couplings like some other processes but also crucially the quartic gauge boson self

interactions.

2.3.1 Definition

The process of massive vector bosons scattering off each other many interesting aspects of
the SM. The cross section for VBS as predicted by the SM is very small, making this process
particularly challenging to measure experimentally. The reason why it has just now become a
big focus is because with the LHC there is enough statistics to measure it.

The process of interest of this thesis is the direct scattering of a W+ and a Z boson. There is
a variety of feynman diagrams contributing to this interaction.

There are two diagrams involving the triple vertex, one containing the quartic vertex and lastly

one with the Higgs. These are shown in Figure 2.1.

Z  w* wt wt w* Wi wt

Figure 2.1: Feynman diagrams for the scattering of a W and a Z boson.

Since the LHC can not produce and accelerate the gauge bosons directly and because they
decay before they can reach any detector the actually studied processes and diagrams are not
as simple.

To generate a W= or a Z boson at a p — p accelerator like the LHC they have to be radiated
off the initial state quarks. These quarks propagate through to the final state where the
detector will eventually see them as jets. Since the jets are produced only via through the
weak force they are deflected only slight and thus have a very tight angular separation from

each other as well as an extremely high invariant mass. Both of these are very characteristic
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to VBS and allow for a good separation of signal and background, which is a reason for why
these processes can be studied despite their tiny cross sections. On top of that the bosons
have to decay. They can do this either hadronically into quarks or into one of the three
lepton flavours. In this thesis only the decay into electrons or muons and their corresponding
antiparticles and neutrinos will be studied. Including other channels would add a considerable
amount of cross section. However each additional channel would also introduce other problems
either in form of more jets and/or more missing energy which would complicate the complete
event reconstruction even further.

This means that the total final state that will be looked at is ¢fvy, ¢5¢3jj. Whether the
neutrino is a particle or antiparticle can be easily identified by the charge of the corresponding
lepton. Due to this and for readability reason the distinction will not be made in this thesis.
A depiction of this whole process is shown in Figure 2.2. Hereby the black blob represents the

diagrams shown in Figure 2.1.

q J

Figure 2.2: Feynman diagram for the scattering of a W+ and a Z boson as realized at the
LHC. All initial state quarks are denoted with 'q’ but do not have to have the same flavour
or charge.

Given a final state it is not possible to know which diagram lead to it as they all play a partial
role and interfere with each other. For this reason other diagrams have to be considered when
trying to study VBS. The first big group of other diagrams are those that share the coupling
order of the VBS processes, which is O(a%y,). Since not all of these diagrams, some are shown
in Figure 2.3, can be separated from the VBS diagrams in a gauge invariant way they have to

be considered as signal and are denoted by W 235 — EW.
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Figure 2.3: Non-VBS diagrams with the same coupling order and final state. All initial
and final state quarks are denoted with ’q’ but do not have to have the same flavour or
charge.

To increase the proportion of the VBS diagrams another restriction is applied. Neither the
intial- nor the final state can not contain any b quarks. This is because b quarks in the initial
state lead to a top quark resonance that contributes a considerable amount to the final cross
section but does not contain any scattering of vector bosons. This process is often called tZj

and depicted in Figure 2.4.

Figure 2.4: Feynman diagram of the tZj process (left of the vertical line) with subsequent
decays (right of the line). The b’ and ’t’ quarks are allowed to have both charges.

2

Diagrams of the order O(afy, o

) can also result in the same final state as can be seen in
Figure 2.5. These can be separated from the other ones in a gauge invariant way and are thus
not counted as signal but as background. Since there is no difference between their final states
this is part irreducible background. This contribution is called W 237 —QCD. Other processes
that are part of the irreducible background all that do not share the same ’true’ final state but
the same detector final state with three leptons, two jets and missing energy. This happens
in the process ZZ — 4¢ where one lepton is outside the detector acceptance, the previously
mentioned tZ7, WWW and

Additionally there is reducible background which happens due to falsely reconstructed ob-

jects. In principle this background can be reduced with a better detector or better object
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Figure 2.5: Feynman diagrams with the same final state but a different coupling order.
All initial and final state quarks are denoted with ’q’ but do not have to have the same
flavour or charge.

reconstruction. A more in depth discussion can be found in [24].

2.3.2 Polarization in VBS

W+Z VBS is extremely sensitive to the exact mechanism by which EWSB takes place. This
is because without the contributions from the SM Higgs the scattering of these bosons grows
steadily with the center of mass energy of the initial particles. For large enough energies this
would violate the unitarity limit. Which would mean that the scattering has a probability
larger than 1. It is very interesting to study polarization in this process because this unitarity
violation is solely due of the scattering of the longitudinal modes, specifically W2, — Wi Z;.
This can be seen in Figure 2.6.

To study longitudinal VBS it is necessary to draw conclusions about the polarization of the
bosons based on the observed final state.

The parity violating nature of the weak interaction provides for a couple of possibly sensitive
observables. One that is easy to visualize is the angular distribution of the finale state leptons.
Since a W only couples to right-handed antiparticles this means that the positron that results
from its decay is right-handed. Since it has such a small mass compared to the W boson it can
basically be viewed as massless and will thus also have a right-handed helicity. Which means
that it will travel in the direction of its spin. Due to conservation of angular momentum this
will also align with the boson spin. Thus, if the boson was polarized in a right-handed way
the positron will be emitted in the boson’s direction of flight. A depiction of this can be found
in Figure 2.7.

To properly quantify this the decay angle 67, is introduced. It describes the angle between
the lepton’s momentum in the boson’s rest frame and the direction of the boson’s momentum
boosted into the boson’s rest frame. For Z bosons the negatively charged lepton is considered.
A visualization of this definition can be seen in Figure 2.8.

If the momentum of the boson is considered in the same frame as its helicity has been defined
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Figure 2.6: Cross section for the scattering WZ — W Z depending on the center-of-mass
energy [17]. The blue lines depict the cross section for the scattering of two longitudinal
bosons to longitudinal bosons while the gray line show all other possible combinations.

the analytically expected distribution for 6, for a mixture of polarized bosons can be given as

[25]

1 do 3 3 ) 3 )
gm = ] (1 cos 6%)2 fo+ 3 (1 + cos QW)2 fi1+ 1 sin? 0 fo (2.51)
and
1 do 3 2(02 _ 02)
299 0y o2 - AL TR cpe )
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3 2 nx C%) * 3 2 %
+§ 1+ cos” 07, + cos 67 f+1+131n 0% fo
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for a W= and a Z boson respectively. Here f; denoted the fraction of each polarization in the
mixture of helicities and ¢, and cg the right- and left-handed couplings of the fermion to the
Z. As can be seen in Figure 2.9 the reasoning above holds as for right-handed W' bosons the

positron is primarily emitted in the forward direction.

In general it is not enough to consider the helicity fractions if one is dealing with quantum
mechanical spin systems. The use of the full spin density matrix is necessary to properly include
statistical and quantum mechanical effects. For the system of two massive vector bosons the
spin density matrix is a 9 x 9 matrix. The diagonal elements correspond to the combination

of the helicity fractions of the two bosons. Currently there is no format or program that can
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Figure 2.7: Visualization of the spins and momenta in the decay of a W™ boson [17].

handle polarized decays using the full spin density matrix in a way where the polarization is
known at the end. Due to this Equations 2.51 and 2.52 are sufficient for this thesis. A slightly

more in depth discussion of the spin density matrix can be found in [17].

Just as the polarization leads to measurable differences in the decay process of the bosons
there are equivalent effects in their production. As with the leptons a W™ also only couples
to left-handed quarks and right-handed antiquarks. This means that the spin of quarks is
antialigned with the direction of their momentum. Since the deflection of the quarks is small
for VBS processes their spin vector does not change much at all. Thus, the boson’s spin vector is
orthogonal to the quark’s direction of movement. If the boson is also emitted orthogonally then
it will be left- or right-handed. If it is emitted forward or backward it will be longitudinally
polarized. Due to this those tend to have a higher absolute rapidity and lower transverse
momenta. Energy and momentum conservation cause a similar effect on the momenta of the

jets. If the boson has a low transverse momentum so does the jet.

The last point only holds true if the bosons do not change helicity between production and
decay. This however does not have to be the case as the scattering of the bosons can change
their helicity. For the direct scattering of on-shell bosons with defined helicity states going
into the scattering this was discussed in Reference [17]. The cross sections for scattering into
longitudinal bosons depending on the helicity of the particles going into the scattering can is
listed in Table 2.3. While the cross section of other production modes it not negligible the most
likely initial state is still W;Z,. For VBS as it happens at the LHC it has been shown that

Initial state

WLZL WTZL WLZT WTZT
o [pb] ‘ 94.46 £ 0.03 12.81 £0.03 14.810£0.003 6.648 £ 0.003

Table 2.3: List of cross sections of Wx Zx — W Zy, scattering for all initial state helicity
combination at a center-of-mass energy of the di-boson system of 250 GeV [17].
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Figure 2.8: Visualization of the definition of the decay angle. The black lines are in the
frame the helicity was defined in. The coloured lines are then boosted from there to the
rest frame of the boson [17].
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Figure 2.9: Normalized distributions of the cross section over the decay angle for a given
helicity. W boson on the left and Z boson on the right [17].
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separating the helicities of the bosons going into the scattering proves problematic as most
diagrams in WZjj — EW do not have initial bosons [26]. Choosing a specific polarization
for the initial bosons in the VBS diagrams has a strong effect on the interferences with these
diagrams causing faulty predictions. For this reason the helicity of initial bosons is not studied
in this work. Only the polarization of the final state bosons and its effect on kinematic

observables of leptons, bosons and jets is investigated.






3 Experiment

This thesis is based purely on simulated results and does not use any data taken at the LHC
or with the ATLAS detector. Nevertheless, the simulation of the collisions as well as the phase
space used to analyse the generated events are heavily based on the actual setup of the LHC

and those used in ATLAS analysis. That is why the basics of how the LHC and the ATLAS

detector work are explained in this chapter.

3.1 LHC

The LHC [11] is the most powerful particle accelerator in the world. Its construction was
approved in 1994 and eventually built between 2000 and 2008. It reuses the 26.7 km long
tunnel originally designed and built for the Large Electron-Positron collider (LEP). Due to this
it resides at the European Organization for Nuclear Research (CERN French: Organisation
Européenne pour la Recherche Nucléaire) close to Geneva. The majority of the ring was
built under french territory and can be found in a depth of 45 to 170 m under ground. The
accelerator has a total slope of 1.4 %. The original tunnel had eight crossing points surrounded
by Radio Frequency cavities to accelerate the particles again since they loose a lot of energy
to synchrotron radiation. For protons this energy loss is significantly less. Thus it was decided
to only use 4 of those interaction points. These hosts the four main experiments at the LHC.
The general purpose detectors ATLAS [15] and CMS [27] and the two more specialized ones
ALICE [28] and LHCDb [29]. A total of 9593 magnets are used to accelerate the particles, keep
them on their track and to focus the bunches of particles in the beam pipe. 1232 of those
constitute the main dipole magnets used for acceleration. These superconducting magnets are
operated at a temperature of 1.9 K. The LHC collides two beams of protons with 6.5 TeV each
of which corresponds to a velocity of 99.999999 1 % the speed of light. It is not possible for a
single accelerator to bring the particles from rest to this velocity. This means that the protons
have to enter the LHC at a velocity that is already fairly close to the speed of light. To achieve
this a couple of pre accelerators are used. Firstly the linear accelerator LINAC 2 accelerates
the protons that come form a simply hydrogen bottle to 50 MeV and hands them off to the
Proton Synchrotron Booster (PSB) where the energy is increased to 1.4 GeV. From there they
are fed into the Proton Synchrotron (PS) and then into the Super Proton Synchrotron where
they reach energies of 26 GeV and 450 GeV respectively. Lastly the protons enter the LHC
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itself. They do so in 'bunches’ of 1.2 x 10! protons per bunch. At each point in time there
are 2808 bunches in each of the two beams of the LHC. These are then made to cross at the
four collision points whereby roughly 20 to 40 protons collide in each crossing. They do so
with a total center of mass energy of 13 TeV. This high number of collision causes interesting
high-energy collisions to be contaminated by multiple one with lower energy. This is known
as pile-up. A schematic view of the LHC as well as the pre-accelerators and positions of the

experiments can be found in Figure 3.1
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Figure 3.1: Schematic view of the LHC and its main experiment. Also shown are the
pre-accelerators and other experiments at CERN [30].

3.2 ATLAS

The ATLAS detector is one of the four total detectors at the LHC and one of the two main
purpose detectors. It is 25 meters high and 44 meters long and is build to study a plethora of
different physics processes, from almost all SM effects to supersymmetry to searches for dark
matter.

A cut-away view of the ATLAS detector can be found in Figure 3.2. To be able to fulfill all
of these requirements the ATLAS detector consists of a multitude of separate detectors, each
optimized to detect and measure specific particles and their properties. These is discussed in

this Chapter. Information is taken from reference [15].
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Figure 3.2: Cut-away view of the ATLAS detector [15].

3.2.1 Coordinate system

To be able to compare results between different groups and processes the ATLAS detector
uses a specific coordinate system. A right-handed Cartesian coordinate system is used. The
x-axis points towards the center of the LHC, the y-axis points upwards and the z-axis point
along the beam axis. Additionally ¢,0 and R are used as well. Here ¢ is the angle from the
projection onto the transverse plane to the x-axis. 6 is the angle between the point and the
z axis. Lastly R is smallest distance between the z axis and the point. Since the LHC is a
proton proton collider the total momentum of the event along the z axis is not known. This is
due to each quark containing a random fraction of the momentum of the proton. This leads
to the need to use observables that are invariant under boosts along the z axis. One way to
do this is to use observables that only deal with the transverse plane and completely disregard
the z axis to begin with. For example the transverse momentum p; which is the projection of
the momentum onto said plane. The other option is to build more complicated variables. To

properly describe the angles or particles one needs to use this approach. The commonly used

1 E+p,
= =1 ) 1
vimym(Eo2) (3.1)

While rapidity itself is not invariant under said boosts differences in rapidity are. A common

one is the rapidity y

replacement for the rapidity is the pseudo-rapidity n

—) »
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It has the advantage of being easier to calculate but the disadvantage that it is only equal to
the actual rapidity for particles that can be treated as massless. A combination of these two

angles is used regularly as well. Namely the angular distance J R

AR := \/(A¢)? + (An)? (3.3)

Although the ATLAS detector has many different system to detect a wide range of different
particles it is unable to detect neutrinos as they only interact via the weak force and thus
basically do not deposit any energy in the detector material what so ever. The initial partons
of a collision have negligible transverse momentum. Conservation of momentum can be used
to sum up the transverse momenta of the final state particles to zero. If this is not the case
there was either a mistake in the measurement of the particles momenta or a particle passed
the detector without being measured at all. This discrepancy in the transverse momentum is
called pi**$ or missing transverse momentum. In processes like VBS with one neutrino this
can be used to infer its transverse momentum. However this can not be used to reconstruct
their full momenta due to the already mentioned fact that an events total momentum in the

7 axis is not accessible at the LHC.

3.2.2 Tracking

Since the LHC operators at such a high center of mass energy and 20 — 40 protons collide
at each bunch crossing the detector has to deal with thousands of particles every couple of
nanoseconds. To be able to do proper analysis each particle has to be traced back to which
of the initial proton collisions it comes from. To achieve this ATLAS has an Inner Detector
(ID) (see Figure 3.3)that contains Pixel and silicon microstrip (SCT) trackers as well as a
Transtition Radiation Tracker (TRT) which are embedded in a 2T magnetic field generated
by a central solenoid. The inner detector spans a length of 6.2m and has a height of 2.1 m.
The pixel detectors and the SCT cover a region of || < 2.5. In the barrel region the pixel
detectors are laid out on concentric cylinders around the beam axis. In the end-cap region
they are placed on disks perpendicular to it. Each track usually crosses three layers of the
pixel detectors. In the barrel region they offer an accuracy of 10 pm in the R — ¢ plane and
115 1m in the z direction. In the disks the 115 pm apply to the R direction.

Additionally each track crosses eight layers of the SCT. In the barrel regions the strips are
placed parallel to the beam direction. At the end-caps there are some running radially and
some placed at an angle of 40 mrad. Their accuracy is 17 pm(R — ¢) and 580 pm(z/R)
Surrounding these two are the straw tubes of the TRT measuring 4 mm in diameter. Each
track leaves roughly 36 hits in this detector. The TRT spans a smaller angle of only up to
In| = 2.0. It provides information about the R — ¢ planes with an accuracy of 130 pm

All of these detector types are needed to achieve a maximum track resolution needed for pile-up
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Figure 3.3: Cut-away view of the ATLAS inner detector [15].

rejection, b/T-tagging and proper charge identification.

3.2.3 Calorimetry

The calorimeters are used to ensure proper energy measurements for all the particles resulting
from a collision. One reason this is needed is to have accurate measurements of particle’s
energies and to be able to properly identify them. The other is that in order to draw conclusion
about possible neutrinos one has to accurately measure all particles and their momenta. If
a particle is not measured at all because it escapes the acceptance region of the detector or
its momentum is measured inaccurately then p2**¢ can not be identified with the neutrino
momentum.

To make sure this does not happen the calorimeters cover a total range of |n| < 4.9. The first
part of the calorimeter is the electromagnetic one. It is divided into the barrel part |n| < 1.475
and the end-cap components .,375 < |n| < 3.2 and is a lead-liquid argon (LAr) detector. The
end-cap calorimeter is further divided into an outer wheel region covering 1.375 < |n| < 2.5
and an inner wheel region covering 2.5 < |n| < 3.2. The region of |n| < 2.5 is the one devoted
to precision physics as it has the finer granularity. The electromagnetic calorimeter provides
full coverage of the azimuthal angle ¢.

Not all particles are completely stopped in the electromagnetic calorimeter. These are heavy
particles that are usually bound states of quarks. To make sure these are also stopped com-
pletely so their whole energy can be measured the electromagnetic calorimeter is surrounded

by the hadronic calorimeters. The first one of these is the tile calorimeter which is placed di-
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rectly outside the EM calorimeter. Its barrel covers a region of |n| < 1.0 and its two extended
barrels additionally measure particles with 0.8 < |n| < 1.7. It consists of steel absorbers and
scintillating tiles as active material. The LAr hadronic end-cap calorimeter further extends
the coverage between 1.5 < |n| < 3.2.

The also LAr based forward calorimeter consists of three modules per end-cap. The first one is
made of copper and deals with electromagnetic measurements while the other are made from
tungsten and measure hadronic reactions. It covers the range 3.1 < |n| < 4.9.

A cut-away view of the calorimetry system is depicted in Figure 3.4
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Figure 3.4: Cut-away view of the ATLAS calorimeter system [15].

3.2.4 Muon system

Neither the EM calorimeter nor the hadronic one can properly stop and measure muons.
This is because their mass is significantly higher then the one of the electron which reduces
bremsstrahlung significantly. It is also not stopped by the absorbers of the hadronic calorime-
ters. Due to this a special system is build to accurately measure the energy and momentum
of muons. The Muon system (see Figure 3.5) is based on the deflection of the muon tracks
in the magnetic field of large superconducting magnets. It covers a region of |n| < 2.7. Over
the largest part of the n-range the tracking measurement is done via Monitored Drift Tubes
(MDT’s). Cathode Strip Chambers are used for 2 < |n| < 2.7.

The triggers system works for a slightly smaller range of |n| < 2,4 In the barrel region Resistive
Plate Chambers are used and Thin Gap Chambers proved the information for the end-caps.
Since other particles are typically stopped in the calorimeters and do not make it to the Muon

system muons are generally identified extremely well.



3.2 ATLAS 27

Thin-gap chambers (T&GC)
[} Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

| End-cap toroid
Monitored drift tubes (MDT)

Figure 3.5: Cut-away view of the ATLAS muon system [15].

3.2.5 Forward detectors

Additionally to the parts that make up the main detector and determine the momentum and
energy of particles there are three smaller detectors that provide ATLAS with luminosity infor-
mation or play an important role for heavy-ion collisions. LUCID (Luminosity measurement
using Cerenkov Integrating Detector) which placed at £17m from the interactions point and
ALFA (Absolute Luminosity for ATLAS) which resides at £240 m fulfill the first role and the
Zero-Degree Calorimeter plays a key role for the second one. It is located at £140m and

measures neutral particles at |n| > 8.2.

3.2.6 Trigger

In most collisions that happen at the ATLAS detector nothing of interest happens. Due to
this and because it is infeasible to save the data for every single collision a system of triggers
is put in place that reduces the amount of data that has to be saved by a significant portion.
Collisions happen every 25ns which corresponds to a frequency of 40 MHz. The Trigger and
Data Acquisition System (TDAS) consists of three levels that each build on the information
of the one before.

The first level L1 is a hardware based system that uses information of a subset of detectors. It
does however use data from almost all regions of the detector. However it do so with reduced
granularity and precision. It generally looks for particles with high pr. Additionally L1 defines

regions of n and ¢ which are called Regions-of-Interest (Rol’s). These are the areas where it
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has identified interesting features. This first trigger level makes its decision in less than 25 ns
reduces the frequency of events passed onto the next level to 75 kHz.

The second stage L2 uses full all the available detector data in the Rol’s as defined by L1.
A major difference is that it uses the data at 100 % of the available precision. This amounts
to approximately 2% of the total event data. L2 is software based, takes 40 ms to make its
decision about an event and reduces the trigger rate to roughly 3.5 kHz.

The final decision is done by the event filter. It utilizes offline analysis procedures which take
on the order of four seconds. The final rate of events that are properly saved and distributed
for further offline analysis is 200 Hz. With a size of ~ 1.3 MB this still results in ~ 15 GB per

minute of data that has to be saved.
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To validate whether a theory correctly describes nature one has to calculate what it predicts for
quantities that are measurable. In the scenario of the LHC this means to calculate with which
frequency one expects specific particles to occur after a collision and what kinematic features
these should have. To do this one simulates a large amount of collisions as predicted by the
theory to then compare those to actual measurements at detectors. This chapter describes

how simulated events are obtained from theories in particle physics.

4.1 Generators

To properly generate simulated events of collisions at accelerators like the LHC multiple steps
have to be done to get results that can actually be compared with measured data.

Programs that do this are called event generators or Monte Carlo generators.

A rough visualization of the simulation process without detector effects can be seen in Figure
4.1 with the example being a pp — ttH process.

The first step that has to be taken in simulating collisions at the LHC is the hard process. In
Figure 4.1 it is represented by the big red circle. For this the program calculates the matrix
element of all the possible Feynman diagrams connecting the initial and final state up to a
given order in pertubation theory. Then the phase space integral is performed and the events
are simulated accordingly. The calculated Feynman diagrams consider quarks or gluons as
their initial state particles. To conciliate the fact that the LHC accelerates protons parton
density functions (PDF’s) are introduced. They parametrize the chance to find a parton with
a specific fraction of the proton’s momentum. These can not be calculated from first principle
yet and are thus acquired through fits to data. At this stage even unobservable quarks are
allowed in the final state, which is why a simulation to this stage is described as parton level.
The next step in the simulation are the decays of unstable particles in the matrix element final
state. In Figure 4.1 these are the small red circles representing the decays of the top quarks
and the Higgs boson. After this step QCD bremstrahlung is simulated which describes the
additional radiation of quarks and gluons off all color charged particles. This step is described
by parton showers. Then all the particles that are not color neutral have to be grouped into
colorless hadrons. These might then decay further to reach particles that have a long enough

lifetime to be observable by the detector. All effects after the hard scattering and decays of
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Figure 4.1: Pictorial representation of a ttH event as produced by an event generator.
The hard interaction (big red blob) is followed by the decay of the top quarks and the Higgs
boson (small red blobs). Additional hard QCD radiation is produced (red) and a secondary
interaction takes place (purple blob) before the final-state partons hadronise (light green
blobs) and hadrons decay (dark green blobs). Photon radiation occurs at any stage (yellow)

[31].

those particles can generally not be described properly by pertubation theory as the couplings
are not small enough. Instead one relies on approximations and phenomenological models.
Additionally initial state radiation has to be considered as well as photon radiation at all

stages of the process.

A further complication of hadron colliders is the fact that protons consist of more than the one
quark or gluon that participates in the hard interaction. The other partons of the proton can
participate in less energetic collisions themselves. This is shown by the purple oval in Figure
4.1. These are called underlying event and pose issues because they can be at energy scales
where pertubation theory does not give good predictions and are also color connected to the
hard process which complicates things even further. At this stage the identity, momentum,
energy, and origin of each particle is known exactly. Due to this, the events generated up to now
are called particle level. The final step needed to directly compare the generated events to data
is to simulate the detector response. These simulations incorporate the detector materials and

geometry. Lastly the 20 to 40 other proton-proton collision causing the pile-up are calculated.
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Now the simulated events, just like the data, are described by the energy deposited in each
part of the detector. From then on the analysis trys to reconstruct the actual event from these
detector hits. For the studies done in this thesis generators were needed that could simulate
events for the finale state ¢¢/vjj and also generate events for W Zjj with polarized gauge
bosons. In total four programs were necessary to generate the samples used in this work.

These will be introduced here.

4.1.1 Whizard

Whizard [32] is an event generator that is able to do all the processes needed to generate par-
tonic samples. This includes computing tree-level matrix elements via the in house generator
O’Mega [33], integrating over the phase space and evaluating the distributions of observables
and finally writing out the events in a variety of formats like lhef [31] or hepmc [35]. The
other steps like showering and hadronization are done by external code. While Whizard can
cover physics at multiple different accelerator types and of a range of physics models only the
setup of the LHC and the SM were used in this thesis. In principle Whizard is able write
out the helicity of gauge bosons in the final state as well as having the possibility to utilize
decay chains with different configurations for the spin density matrix. Due to problems in the
production of the decay chain events and the samples with gauge bosons in the final state,
Whizard was mainly used to evaluate the validity of the approximations needed to generate
events with polarized W’s and Z’s. Whizard is controlled through the command language
SINDARIN (Scripting Integration, Data Analysis, Results display and Interfaces). It allows

the definition of complex phase space or scale definitions.

4.1.2 MadGraph5_aMCG@NLO

Just like Whizard MadGraph5_aMCQ@QNLO [36] (Madgraph/MG) is a Monte Carlo event
generator able to do all steps of partonic event generation for all possible processes. It is
only limited by the available computing power and time. Showering and detector simulations
are done via the available interfaces to external programs. A significant difference between
Madgraph and Whizard is that Madgraph is steered not through a dedicated scripting language
but through simple runcards. This makes the usage easier but provides significantly less
flexibility. While Madgraph is able to produce events at next to leading order only leading order
ones were used for this thesis due to time constraints and complications with writing out the
helicity of the bosons in NLO samples. Madgraph ist able to produce samples with final state
gauge bosons in the lhef file format. This includes the spin for all final state particles including
the bosons. They can then be decayed according to their helicity. Different options were
studied in Reference [17] with one eventually giving good results. On top of that Madgraph

is able to directly produce the ¢¢¢vjj finale state using different or no approximations at LO.
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One of these is the utilization of a decay chain syntax. This separates the whole generation
process into a production and a decay. For this thesis this means the production and decay
of the W and Z bosons. This means that only W and Z resonant diagrams are considered.
For this Madgraph takes full spin correlations and off-shell effects into account. However, the
virtuality of the decaying particles mj, is forced to be in the range |mj, —my| < bwecutoff I'y,
where bwcutoff is a user defined number. This does not fix the helicity of the intermediate
particle but can still be used to test the validity of the approximation used in the final polarized

samples.

4.1.3 Pythia8

Pythia 8 [37] able to do the whole process needed for generating particle level events. The
simulation of detector effects has to be done via external software. However it is most com-
monly used in conjunction with other programs like Whizard or Madgraph. Thereby those
programs produce the parton level events which are then fed into Pythia to simulate the other
effects like initial- and final-state radiation. In this thesis Pythia is used to simulate the par-
ton shower, hadronisation, multiparton interactions, which include the underlying event, beam
remnants, and the decays of unstable particles. Pythia decays most particles, including W’s
and Z’s isotropically. Therefore, it is not used for that purpose but only for processing the
parton level events after the bosons have already been decayed. Pythia is also able to do
matching and merging, supports a variety of BSM physics and physics at lepton-lepton and

other hadron-hadron colliders. However neither of these options are used in this work.

4.1.4 Herwig7

Herwig [38, 39] is a general purpose Monte Carlo event generator. Like Pythia it can handle
collisions at lepton-lepton and hadron-hadron colliders. On top of that it also supports lepton-
hadron collisions. Some important hard scattering processes can be simulated by Herwig itself
at parton level. However even more processes can be included through dedicated matrix
element generators and the lhef format. It also provides simulations of BSM physics but as
with all the other generators this option is not used here. Herwig can then be used to simulate
inital- and final-state QCD radiation via parton showers. This includes color coherence effects
with a special emphasis on the correct description of radiation from heavy particles. For this
work Herwig was used to simulate the effects necessary to go from the partonic to the particle
level events after the boson decays have already been simulated separately. This is because
a test showed that Herwig does not reproduce the expected decay angle distribution for the
decays of longitudinally polarized bosons. Overall Herwig was used for the simulation of the

parton shower, the underlying event and beam remnants, hadron decays and hadronization.
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4.2 Polarized Samples

In order to be able to study the nature of the EWSB using VBS as accurately as possible it is
necessary to study the polarization of the bosons involved in the scattering process. For that
samples are needed where one has knowledge of the helicity of the gauge bosons that decayed

into the observed leptons. This section studies the two main ways this can be accomplished.

4.2.1 Reweighting

The way that polarized samples used to be generated was to implement a reweighting approach
[40, 41]. The most recent analysis to do so was one measuring the W*Z production cross
section alongside the boson polarization at /s = 13 TeV with the ATLAS detector [12]. Besides
measuring the fraction of longitudinal bosons f, the difference between the left- and right-
handed fractions f;, — fr was also determined. Most importantly the longitudinal helicity
fraction of the Z boson was measured with an observed significance of 6.50. For the W boson
the presence of its longitudinal polarisation was established with an observed significance of
4.20.

To use this reweighting approach the first step is to generate a general sample of the full
0llvjj final state. Using this to generate samples corresponding to polarized bosons requires
two steps to be taken. The first is to analyze the generated events and calculate the decay
angle 67, as described in Section 2.3.2 as well as the transverse momentum and the rapidity
of the bosons, that is of the ¢/T¢~ and fv pairs. The last two variables are needed because
the polarization of the bosons is predicted to depend on the pr and rapidity of the bosons
[13]. The bosons are then grouped depending on their py and |y| and the analytical decay
angle formulas are fitted to the measured one. For each boson this results in a value for the
three helicity fractions for each bin of pr and |y|. Afterwards each event is looked at again.
Depending on the variables of the bosons in that event the helicity fractions for that bin are

chosen and the event is reweighted according to

1 do
UdCOSG;‘,V 1041 (4 1)
S(1Fcosty)’ foa+ 2 (1+cosby)” fu + 3sin? 03y fo '
s W 18 W) STy wJo
where
1 d %(1:':(3086;1/)2][;17 forh=—1
odcosty|_y o gsm Ow o, forh =20 (4.2)
8

(1+cosy)? fr1, forh=+1

The same is done for each event depending on the desired Z boson helicity. The formula is
analogous. In this thesis the pseudo-rapidity n was used instead of the rapidity. While these

two observables are strongly correlated, which can be seen in Figure 4.2, the pseudo-rapidity
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distributions of longitudinal bosons show features that are interesting to try to reproduce via
the reweighting method.

This effectively produces samples where the leptons have decay angles that are predicted to
come from a specific combination of the helicities of the two bosons. Due to the binning in the
transverse momentum and pseudo-rapidity of the bosons these variables should be modelled
correctly. The exceptions are the edges of the chosen bins. At those unphysical steps are
expected. Other variables are not guaranteed to be reproduced correctly. Additionally this
procedure only works in a phase space without lepton cuts as those have an effect on the
analytically expected distributions. Equations 2.51 and 2.52 only hold without those [10].
Effects of non-resonant diagrams as well as interference effects between the different helicity
states are split up and forced into the polarized samples. This means in turn that using this
approach one can not model these correctly afterwards nor can they be determined through a
subtraction of the polarized samples from a general one.

In this work to study the reweighting approach the boson transverse momentum pr (V') and the
pseudo-rapidity of the bosons (V') were used. The pr(V') was binned in [0, 30), [30, 60), [60, 90), [90, c0)
and |n(V)| was binned as [0, 1),[1,2),[2,3),[3,00). For the decay angle of the bosons cos 6},

twenty equidistant bins between minus and plus one were used.

4.2.2 WZDecay

An alternative to the reweighting technique described above is to produce events with polarized
boson in the final states and then decay these. This was done using the program WZDecay
[14] which was developed specifically for this purpose and maintained and improved in the
course of this thesis [15]. Using this approach requires the use of some approximations. These
approximations as well as the way this method is implemented in WZDecay are explained in

this section.

4.2.2.1 Narrow-width-approximation

The production of vector bosons in the final state requires them to be on-shell and means that

only resonant diagrams are considered. They can then be decayed according to their helicity.

This factorization approach is equivalent to using the narrow-width-approximation [16] which

substitutes the propagator of an intermediate boson with one where the particle is at its pole
using )

™

@ — M?+iMT og" = M) g

This approximation is only valid if I' < M. Using this approach includes neither off-shell

(4.3)

effects nor non-resonant diagrams and interferences with those.
As shown in Reference [17] full spin correlations can be taken into account when using the

narrow-width-approximation. To do so only the spin density matrix has to be propagated
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Figure 4.2: Visualization of the dependency of the bosons’s transverse rapidity on its
pseudo-rapidity. Depicted are the distributions for a sample with on-shell bosons in the
total phase space. On the left it is shown for the W boson and on the right for the Z boson.

from the production to the decay process. Since no format allows the transfer of that full
information a diagonal spin density matrix is another approximation required for the use of

this method. These diagonal elements correspond to the helicity fraction of the two bosons.

4.2.2.2 Implementation

WZDecay requires the input of partonic events with polarized gauge bosons in the final state.
These where generated with Madgraph in the .lhef file format. This means that it is Madgraph
that determines the helicity fractions in the generated samples. WZDecay parses these files
and for each event finds the W and Z bosons. The first step in generating their decays is the
determination of the decay angles. This is done based on the analytical functions in Equation
2.51 and 2.52 using a hit-or-miss procedure. A random value for the cosine of the decay angle
coSram 1s generated along side a random number between 0 and 1 x,4,,. If the random number
is smaller than F'(.., , ) the angle is calculated from the cosine and kept. Here F(cos,dm)
corresponds to the functions in front of the f; in Equations 2.51 and 2.52. This depends

on which boson is being decayed and which helicity it has. So for a longitudinal W boson

2 2

“dm “am- T'he lepton momenta are finally determined based on

F(cospam) = 3(1 — cos?y,,) = 3sin
the mass of the boson, the determined decay angle and a random azimuthal angle. Then the
momenta are rotated so that the z-axis aligns with the boson’s momentum in a chosen frame.
This frame should be chosen such that it is the one that the helicity of the boson was defined

in. For this WZDecay supports the laboratory frame (LabFrame) , the partonic center of mass
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frame (PCoMFrame) and the center of mass frame of the W7 system. Lastly they are boosted
from the boson’s rest frame to the laboratory frame.

The so generated leptons are written to the file and the boson’s status is switched to that of an
intermediate particle. In principle WZDecay supports the decays of the bosons to any of the
leptons. The branching ratios are given by hand. If multiple channels are enabled these are
used to determine the fraction with which each of them show up in the final state. Additionally
they are used to reduce the cross section of the process to the proper amount.

Finally output files are produced containing events with the desired combination of boson
helicities. For this thesis left- and right-handed helicites were grouped as transversal polariza-
tion and not investigated further. Thus, four output files were produced. WZDecay supports
output to hepmce and lhef files. These can either by analyzed as partonic samples or processed

further using Pythia or Herwig.



5 Study of Generated Events

For this study samples were produced at both the particle as well as the parton level. This
was done using Madgraph and Whizard to produce the partonic events. These were studied
directly using RIVET [18]. In a second step additional Madgraph samples with different
settings were produced. All of the Madgraph samples were then showered using either Pythia
or Herwig and studied further. All relevant parameters needed to produce these results are
shown in Table 5.1. All samples that were used are listed in Table 5.2 as well as how exactly
their were produced. In this chapter these samples are studied and compared. For the study at
the partonic level one sample of the W Zjj finale state was generated using Madgraph. It was
then decayed and split into four samples with specific helicities via WZDecay. Additionally
two samples of the 2 — 6 process were generated with Whizard to check the validity of the
approximations used for the first sample. For the particle level study two validation samples
were produced with Madgraph. Additionally two more samples of the 2 — 4 process were
generated. These were then decay and split via WZDecay. Lastly all of the samples for the

particle level study were showered with Pythia or Herwig.

Table 5.1: List of parameters and their values used to generate the events with Whizard
and Madgraph. The strong coupling ag as well as the masses of all not listed particles were
either zero for both generators or they were not used in final analysis.

Parameter Value
Whizard ‘ Madgraph
NG 13 TeV
PDF NNPDF30 nnlo as 0118
renorm. scale My, | default dynamical ’-1’
fact. scale Mg, | default dynamical -1’
Ay 132.3479 132.506 98
My, 80.399 GeV 80.419 GeV
'y 2.085 GeV 2.047 59951 GeV
My, 91.1876 GeV 91.188 GeV
', 2.4952 GeV 2.441 403 51 GeV
My 126 GeV 125 GeV
'y 0.004 18 GeV 0.006 382339 34 GeV




Table 5.2: List of all samples generated for this work. Above the double line the samples include only positive W™ bosons but all
flavour combinations of electrons and muons. Cross sections and event numbers are given after the removal of 7’s and b quarks. These
events were directly analyzed with Rivet at parton level. Samples below the double line include both charges and all electron/muon
flavour combinations, but only one option is shown. Cross sections and event numbers are those after the shower.

ID 7 Generator | Helicity 7 Shower 7 #Events 7 o in fb 7 Process definition 7 additional Information
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1 Whizard mixed - 63470 8.616 qf, gf => qf qf e2 E2 E1 nl full process
2 Whizard mixed - 59436 4.462 qf, qf => qf qf e2 E2 E1 nl only resonant diagrams
{Srestrictions="54+6~Z&& T+8 ~W+" } | off-shell effects included
3 Madgraph WTZT - 71859 2.431 generate pp > W+ 7Zjj WZDecay in LabFrame
4 Madgraph WTZL - 21427 0.702 generate pp > W+ 7Zjj WZDecay in LabFrame
5 Madgraph WLZT - 20191 0.675 generate pp > W+ 7 j j WZDecay in LabFrame
6 Madgraph WLZL - 6428 0.206 generate pp > W+ 7Zjj WZDecay in LabFrame
7 Madgraph mixed Pythia | 1000000 | 61.640 generate p p > mu+ mu- e- ve~j j full process
8 Madgraph mixed Pythia 999 866 8.264 generate p p > W+ 7, jj, only resonant diagrams
W+ > e+ ve, Z > mu+ mu- bw_ cutoff=15
9 Madgraph WTZT | Herwig 230889 3.956 generate pp > W+ 7 jj WZDecay in LabFrame
10 | Madgraph WTZL Herwig 68 088 1.173 generate pp > W+ Zjj WZDecay in LabFrame
11 | Madgraph WLZT Herwig 66 042 1.125 generate pp > W+ 7Zjj WZDecay in LabFrame
12 | Madgraph WLZL Herwig 20968 0.360 generate pp > W+ 7Zjj WZDecay in LabFrame
13 | Madgraph WTZT | Herwig 230889 3.956 generate pp > W+ 7Zjj WZDecay in PCoMFrame
14 | Madgraph WTZL | Herwig 68 088 1.173 generate pp > W+ Zj j WZDecay in PCoMFrame
15 | Madgraph WLZT Herwig 66 042 1.125 generate pp > W+ Zjj WZDecay in PCoMFrame
16 | Madgraph WLZL Herwig 20968 0.360 generate pp > W+ Zjj WZDecay in PCoMFrame
17 | Madgraph WTZT | Herwig | 1144818 | 3.957 generate pp > W+ 7Zjj WZDecay in PCoMFrame
18 | Madgraph WTZL Herwig 338 262 1.1768 generate pp > W+ 7Zjj WZDecay in PCoMFrame
19 | Madgraph WLZT | Herwig 324170 1.115 generate pp > W+ 7 j j WZDecay in PCoMFrame
20 | Madgraph WLZL Herwig 103 683 0.358 generate pp > W+ 7Zjj WZDecay in PCoMFrame
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5.1 Parton Level

At the partonic level samples were generated using Madgraph and Whizard. While Whizard
is in principle able to produce samples with polarized bosons as was studied in Reference [17]
none could be produce for this thesis due to technical difficulties where the samples took too
long to produce. Instead Whizard was used to generate the full pp — ¢0¢vjj process directly
both in full and with restrictions. This was done to verify that the approximations that are
required for a polarized sample have a reasonably small effect in the final phase space. The
individual helicity samples were produced by generating events with polarized bosons in the
final state using Madgraph. These were then processed using WZDecay as described in Section
4.2.2. All events require three leptons at least two of which have the same flavour and opposite
charge. Generators cuts are necessary to avoid divergences in the integration. Analysis cuts
are used to reduce backgrounds and thus enhance the fraction of signal in this phase space.
The total phase space has no analysis cuts at all because the reweighting has to be done
without those. To reduce some background the inclusive phase space, which is optimized to
simply enhance the fraction of events with massive gauge bosons, has some general cuts on the
lepton momenta and their separation. The cuts that are most easily understood to help with
enhancing the boson fraction are the cut on the invariant mass of the same flavour opposite

charge leptons and the one on the transverse mass of the W boson. The latter is defined as

g (W) = \/2 () - (1= cos(Ap((V, pie) ) ). (5.1)

The VBS phase space is used for investigating vector boson scattering. Since the jets only
participate a single weak interaction each, they should only deviate very slightly from their
incoming trajectory causing a large rapidity separation between the two jets. This also leads
to a high invariant mass of the two jets M;;. The generator level cuts as well as those of the

studied phase spaces are shown in Table 5.3 and Table 5.4 respectively.

Table 5.3: Cuts used for the integration in the Monte Carlo generators. Note that for
Whizard only two of the leptons are required to have a pr larger than 5 GeV. Only objects
and events that pass these criteria are produced.

‘ ‘ Whizard | Madgraph+WZDecay

min pre [GeV] 5.0 0

min pr; [GeV] 15.0 30.0
mazx |n|, 5.0 00
maz |n|; 5.0 5.5
min AR;; 0.4 0.4
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Table 5.4: List of selection criteria for the three phase spaces studied with rivet. In the
analysis only events that pass all of these criteria are considered.

‘ ‘ total PS ‘ inclusive PS ‘ VBS PS ‘

min prez [GeV] 0 15 15
min prow [GeV] 0 20 20
mazx |1, 00 2.5 2.5
mazx ||, 00 4.5 4.5
min Nieptons 3 3 3

min AR, 0 0.3 0.3
man ARZM 0 0.2 0.2
min mee [GeV] 0 0.1 0.1
mazx Z — Window [GeV] 00 10 10
min my (W) [GeV] 0 30 30
min prj [GeV] 0 5 40
min AYj; 0 0.4 1.5
min m;; [GeV] 0 0 500
MIN Njets 0 0 2

5.1.1 Influence of Approximations

It is necessary to use approximations when investigating the effect of polarized gauge bosons in
VBS. This is because in general non-resonant diagrams contribute. In those cases a distinction
of boson polarization makes no physical sense. Due to that a restriction to resonant diagrams
is necessary. The fact that helicity can only easily be defined for on-shell particles requires
the use of the narrow-width-approximation on top that. Finally technical constraints make
it impossible to include interference effects between the different polarizations. If these effect
have a large contribution a fit of the polarized events to a full sample will give inaccurate or
unphysical results. In Figure 5.1 to Figure 5.3 a comparison of the three different samples is
shown for a variety of observables in the used phase spaces. The sample with name "Madgraph’
is the sum of the samples with Ids 3 to 6 as listed in Table 5.2. "Whizard_ full’ corresponds
to sample 1 and "Whizard_restr.” to sample 2. In most of them it is obvious that the approx-
imations have a significant effect in the total phase space. This is to be expected since there
non-resonant diagrams should have a larger influence. However, a direct comparison between
the Whizard and Madgraph samples are not straight forward due to the different generator
level cuts shown in Table 5.3. In the total phase space this has a significant effect on all
variables. The effects of the non-resonant diagrams can still be seen clearly in Figure 5.1a and
the effect of the off-shellnes is obvious in Figure 5.1c.

The different generator cuts still have a relevant effect in the inclusive phase space. That is

if one looks at jets variables like in Figure 5.2. The inclusive phase space is shown in the
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Figure 5.1: Comparisons of distributions for the samples with no approximation (blue),
restriction to resonant diagrams (green) and using the narrow-width-approximation (red).
The first two samples were generated using Whizard, the other one with Madgraph and
WZDecay. On the left side the distributions in the total phase space are shown while the
right side shows the VBS phase space. On the top the mass of the Z boson Mz is considered
while at the bottom the transverse mass of the W m¢ (W) is looked at.
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middle column in Figures 5.2b, 5.2e and 5.2h. This is because the jet cuts of the inclusive
phase space are weak than the ones at generation level. The generator cut effects on the
leptons, however, are removed by the stronger analysis cuts. This means that the differences
in Figures 5.3b and 5.3e are purely due to the used approximations. These are significantly
smaller but still exist. Especially the normalization difference have been reduced a lot and the
shapes are more similar as well. In the VBS phase space the differences become even smaller.
However, they have not disappeared completely. These deviations can not be ignored when
doing a fit to determine the helicity fractions via these variables. Especially those that are the
most sensitive to the mass of the intermediate boson still show significant differences as can be
seen in Figures 5.1b and 5.1d. However, for the decay angle of the W boson the shapes look
exactly the same in the VBS phase space. This is demonstrated in Figure 5.3i. While both
shapes and normalization are clearly distinct in the total phase space as seen in figure 5.3g
both differences get significantly smaller with the shapes becoming basically identical within
uncertainties in the VBS phase space. It is to note that the bosons were decayed with their
momenta considered from the laboratory frame. Later it was found that the helicity of the
bosons was defined in the partonic center-of-mass frame. Due to that the decay angles are
not expected to fit exactly. The effect of this switch on observables of the sum of ploarized
samples is small. This is discussed in more detail in Section 5.2.2. It still has to be kept in

mind when analyzing the results here.

What remains are the curious normalizations. The expectation is that regardless of the phase
space the full sample should have the largest cross section, followed by the resonant sample
with the on-shell sample having the smallest one. Only the fraction of the cross sections
should get closer to one. However, in the VBS phase space it seems that the sample with the
most restrictions has the highest overall cross section. That this is actually the case can be
seen in Table 5.5. For the Whizard sample with the restricted diagrams the reason could be
traced back to how exactly those are handled. In Figure 5.4 it can be seen that the problem
arises from the same flavour channels. Whizard forces each of the final state leptons to come
from a specific intermediate particle. In the case where all particles are electrons or muons
this disregards same diagrams. For example in the finale state ete e®v, with the particles

numbered from 1 to 4 from left to right. In this case Whizard only considers diagrams where

Table 5.5: Cross sections of the different samples for W Z scattering in three phase spaces.
These are the values without 7 leptons and b quarks.

total PS | inclusive PS | VBS PS

o [fb] o [fh] o [fb]
Whizard full 8.62 1.97 0.94
Whizard restrictions 4.46 1.63 0.73

Madgraph+WZDecay ALL 4.01 1.65 1.01
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Figure 5.2: Comparisons of distributions for the samples with no approximation (blue),
restriction to resonant diagrams (green) and using the narrow-width-approximation (red).
The first two samples were generated using Whizard, the other on with Madgraph and
WZDecay. On the left side the distributions in the total phase space are shown while the
middle shows the inclusive phase space and the right side shows the VBS phase space. From
top to bottom the transverse momentum of the leading jet pr(j1), the pseudo-rapidity of
the subleading jet 1(j2) and difference in the rapidity of the two leading jets AY'(jj) are
shown.
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Figure 5.3: Comparisons of distributions for the samples with no approximation (blue),
restriction to resonant diagrams (green) and using the narrow-width-approximation (red).
The first two samples were generated using Whizard, the other one with Madgraph and
WZDecay. On the left side the distributions in the total phase space are shown while the
middle shows the inclusive phase space and the right side shows the VBS phase space. On
top the transverse momentum of the W boson pr (W), in the middle the pseudo-rapidity of
the leading Z lepton 1(¢#) and on the bottom the decay angle of the W cos 0} are shown.
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Figure 5.4: Differential cross section over the sum of the lepton’s absolute pdg ids. The
electron has an id of 11 and the muon’s id is 13. This means that 33 corresponds to the
channel where both bosons decay into electrons, 35 to the one where the W decays to a
muon and the Z to an electron positron pair and so on. This means that 35 and 37 are the
opposite flavour channels while 33 and 39 the same flavour channels.

1 and 2 come from a Z bosons while the other two come from the W. However, it is possible
that 3 and 2 originate from the Z and 1 and 4 from the W. The second case is ignored by
Whizard causing a different cross section in the same flavour channels. Differences between
the full Whizard sample and the Madgraph one can not be explained by that. There the
difference could be due to the branching ratios that are put in by hand and effect the final
cross section, negative interferences between the resonant and non-resonant diagrams. The
most likely reason is that the differences come from the different settings listed in Table 5.1,
especially from the different sacles. This is because the issue did not appear in the particle
level studies where all samples were produced with madgraph. For this reason the issue was

also not investigated further.

5.1.2 Study of Polarizations

To eventually do a fit determining the helicity fractions suitable observables have to be found
first. Based on theoretical considerations the decay angle seems to be the most obvious one.
However, it is not clear how exactly the phase space cuts influence this observable as well as
other potential candidates. Especially for the W boson other observables have to be considered
as the decay angle is difficult to reconstruct due to the neutrino which can not be measured
directly. In this thesis this part is reduced to a minimum as an extensive study has already
been done in Reference [17]. The samples considered in this section are those with Ids 3 to

6 in Table 5.2. The main purpose for this work is to verify that the implementation of the



46 5 Study of Generated Events

decay angle works correctly in WZDecay and to again visually identify some variables that are
good candidates. Another reason is to possibly identify significant differences that arise after
showering that make some variables better or worse than one would assume from the partonic
events. This is discussed in Section 5.2.4.

The first and most important step is to verify that WZDecay produces the correct decay
angles for the polarized gauge bosons. For that purpose the normalized decay angle is plotted
alongside the analytical functions.This can be seen in Figure 5.5a. The agreement between the
black lines for the analytical distributions and the coloured lines representing the distributions
of the samples is perfect withint statistic. In Figure 5.5b it can be seen that while the decay
angle distribution is affected by the phase space cuts in a fairly significant way the differences
between transversal and longitudinal helicities are still clearly visible.

Figure 5.6 shows some boson variables both in the total and in the VBS phase space. The
transverse momentum and the transverse mass of the W boson seem to be sensitive to its
polarization in both phase spaces. The rapidity however shows different behaviour. In the
total phase space the transversal and longitudinal modes show the exact same shape over the
majority of the range, never deviating more than 10 % until an absolute rapidity of 1 and
not more than 20 % until 4. When looking at the VBS phase space longitudinal bosons show
strongly deviating behaviour of up to 20 % in the area with a lot of events around |Y| < 1 and
up 30 % for absolute rapidities below 3, although the statistical fluctuations already become
large at those values. While some lepton and boson observables show significant differences
between the helicities as was predicted in Section 2.3.2 the jet variables shown in Figure 5.7
seem to only exhibit minimal changes. Non of the variables show significant differences if only
the polarization of one boson is changed In the VBS phase space the differences to the sum
never cross 20 % in a statistically significant way. Only the comparison between the cases
where both bosons are longitudinal or transversal shows deviations. However, the distribution
where both bosons are longitudinal shows differences of up to 30 % for the rapidity difference
and rapidity and more than 50 % for the transverse momentum. Reduced sensitivity can be

partially explained by the spin flips mentioned in Section 2.3.2.
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Figure 5.5: Comparison of the decay angle distribution of the W cos 6y, between the
different helicities. In purple the distribution is shown for the sample where both bosons
are transversally polarized, in yellow the W is polarized transversally while the Z has a
longitudinal helicity. For the green distribution this if flipped and for the blue one both
bosons have a longitudinal helicity. Red is then simply the sum of all the other samples.
One the left side the distribution for the total phase space is shown while the right side
depicts the same for the VBS phase space. The black line in Figure 5.5a represent the
analytical functions.
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Figure 5.6: Comparison of distributions between the different helicities. In purple the
distributions are shown for the sample where both bosons are transversally polarized, in
yellow the W is polarized transversally while the Z has a longitudinal helicity. For the green
distribution this if flipped and for the blue one both bosons have a longitudinal helicity.
Red is then simply the sum of all the other samples. One the left side the distributions for
the total phase space are shown while the right side depicts the same for the VBS phase
space. From top to bottom the transverse momentum, the rapidity and the transverse mass
of the W boson are considered.
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Figure 5.7: Comparison of distributions between the different helicities. In purple the
distributions are shown for the sample where both bosons are transversally polarized, in
yellow the W is polarized transversally while the Z has a longitudinal helicity. For the green
distribution this if flipped and for the blue one both bosons have a longitudinal helicity.
Red is then simply the sum of all the other samples. One the left side the distributions for
the total phase space are shown while the right side depicts the same for the VBS phase
space. From top to bottom the transverse momentum of the leading jet, the rapidity of the
subleading jet and the rapidity difference between those two are considered.
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5.2 Particle Level

Since so far in this work there have only been rough qualitative estimates as to which ob-
servables could be interesting and these were solely based on parton level a more thorough

quantitative study is done with events after showering in this section.

The cuts for both the sample generation as well as the phase spaces that are looked at are
slightly different for this study. Since they are still very similar to those before they will not
be explained again but are just listed in Tables 5.6 and 5.7 respectively.

Table 5.6: Cuts used for the integration in the Monte Carlo generators. Only objects and
events that pass these criteria are produced.

| | Full | Chain | WZDecay

min pre (GeV] | 5,0 5,0 0
min pr; [GeV] | 15,0 | 15,0 30,0
maz |1l 5,0 5,0 00
maz |n|; 5,0 5,0 5,5
min ARy 0,3 0,3 0
min AR;; 0,4 0,4 0,4

Table 5.7: List of selection criteria for the two phase spaces studied at particle level. In
the analysis only events that pass all of these criteria are considered. In the VBS phase
space the two leading jets are also required to be in opposite hemispheres.

| Cut | total PS | VBS PS |

min prez |GeV| 0 15
min prow [GeV] 0 20
maz |7]e 00 2,5
maz |n|; 4,5 4,5
AN Nyeptons 3 3

min ARM 0 0,3
min AR, 0,3 0,3
min ARZM 0 O,2
max Z — Window [GeV] 25 10
min mp (W) [GeV] 0 30
min prj [GeV] 25 40
min AYj; 0 2,0
min m;; [GeV] 0 500
AN Mjeys 0 2
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5.2.1 Influence of Approximations

For this part three different samples were used. The first is the one with Id 7, called "Full’, and
simulated the complete 2 — 6 process with no approximations used at all. The second one,
with Id 8 and shorthand ’Chain’, employed Madgraphs decay chain syntax of producing the
gauge bosons and decaying them. This restricts the diagrams to resonant ones and employs a
condition where the decay products have to have an invariant mass close to that of the on-shell
intermediate particle [30]. For this the standard setting of 15 particles widths were used. The
third sample is the one of interest and consists of those with Ids 17 to 20.1t is called "WZPart’
and was produced with Madgraph and WZDecay. Madgraph generated events with polarized
on-shell bosons in the final state and WZDecay was used to split the sample and decay the
bosons based on their helicity. For the study of the validity of the approximations the correct
setting for the decay frame were used. Namely the center of mass frame of the initial partons
as dictated by Madgraph. In Figure 5.8 it can be seen that just like without the shower the
distributions that are the most sensitive to the mass of the bosons show significant differences

between the samples with and without the narrow-width-approximation.

Figure 5.9 shows some jet variables both in the total and in the VBS phase space. For almost
all observables the differences in the total phase space are very significant. The transverse
momentum of the leading jet shows very significant deviations especially as small values,
where the removal of the non-resonant diagrams causes a difference of around 30 %, which is
increased even further to more than 50 % by the restriction to the narrow-width-approximation.
This is depicted in Figure 5.9a and corresponds to the jets in the on-shell samples generally
having higher transverse momenta. Figure 5.9c¢ that the removal of non-resonant diagrams
causes fewer of the subleading jets to be emitted both orthogonal and parallel to the beam
axis. The effect of the approximation on the rapidity difference of the leading jets in the
total phase space is shown in Figure 5.9e. The the restriction to resonant diagrams causes
fewer events where these two jets are very close to each other. For the WZDecay sample the
number of event where the jets are very strongly separated from each other declines also. The
addition of of the cut on the transverse momentum of the jets as well as the rapidity difference
eliminates the region where those two variables differed the most between the full sample and
the one produced with WZDecay. This is visible in the Figures 5.9b and 5.9f. Coincidentally
the deviation in the subleadings jet pseudo-rapidity are also reduced. Nevertheless pr(j;) and
AY (j7) still show significant differences for lower and high values respectively. While the
deviations of the pseudo-rapidity of the second jet are reduced they still remain in the low and
high regions. When trying to determine the polarization fractions via these variables one has
to be careful so the result is not affected too much by these effects.

Similar things can be observed for observables related to the bosons, some of which are depicted
in Figure 5.10. In the total phase space the transverse momentum of the W shows behaviour

very similar to that of the jet with strong deviations at low values which can be seen in Figure
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Figure 5.8: Comparisons of distributions for the samples with no approximation (blue), re-
striction to resonant diagrams (brown) and using the narrow-width-approximation (green).
On the left side the distributions in the total phase space are shown while the right side
shows the VBS phase space. On the top the mass of the Z boson My is considered while
at the bottom the transverse mass of the W mq (W) is looked at.
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Figure 5.9: Comparisons of distributions for the samples with no approximation (blue), re-
striction to resonant diagrams (brown) and using the narrow-width-approximation (green).
On the left side the distributions in the total phase space are shown while the right side
shows the VBS phase space. From top to bottom the transverse momentum of the leading
jet, the pseudo-rapidity of the subleading jet and the rapidity differences between those two
are shown.
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5.10a. Unlike with the jets no differences are present in the VBS phase space shown in Figure
5.10b. The only variable of these that shows a significant shape difference in the total phase
space is the decay angle of the W. The shape differences that can still be seen in the total
phase space in Figure 5.10c disappear completely in the VBS phase space in 5.10d.

The only major deviation that remains into the VBS phase space is the transverse momentum
of the leading lepton of the Z boson shown in Figure 5.10f. There the samples do not agree
for values below 40 GeV and the difference is up to 50 %. This means that when doing the fit
with most lepton and boson variables the results should be easy to interpret without many
problems but care has to be taken for the few exceptions that remain. More observables then
the ones shown here can be found in Appendix A.2.

The differences in normalization can also be seen in Table 5.8. There the cross sections can
be seen for both phase spaces scaled to a luminosity of 139 fb~!. While the on-shell samples
only has about 72 % of the full cross section in the total phase space this increases to ~ 91 %
in the VBS phase space. Overall it can be noted that the approximations do have some effect
on a lot of variables even the the VBS phase space. However, the effect on those observables
that are most likely well suited for the study of polarization fractions are minimal. This means

that these samples can be used for the study of the polarization fractions.
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Figure 5.10: Comparisons of distributions for the samples with no approximation
(blue), restriction to resonant diagrams (brown) and using the narrow-width-approximation
(green). On the left side the distributions in the total phase space are shown while the right
side shows the VBS phase space. From top to bottom the transverse momentum of the W
boson, the pseudo-rapidity of the leading Z lepton and the decay angle of the W boson are
shown.
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Full 1257.8  £3.5
Chain 11176 £1.2
W7 904.0  £0.7

Ratio:Chain/Full 0.8886 +0.0028
Ratio:WZ/Full 0.7187 4+ 0.0024
Ratio:WZ/Chain 0.8088 £0.0012

Full 199.3 +14
Chain 191.3 +0.5
WZ 180.43 +0.30
Ratio:Chain/Full 0.960 +0.007
Ratio:WZ/Full 0.905 £0.007

Ratio:WZ/Chain 0.9431 £ 0.0030

Table 5.8: Event numbers of the three samples scaled to a luminosity of 139fb~—! . Also
depicted are their ratios. On the top they are shown for the total phase space while the
table on the bottom depicts them for the VBS phase space.

5.2.2 Influence of the Chosen Decay Frame

Important for those studies is the decay angle of the boson decay products. For physically
meaningful samples the bosons have to be decayed with respect to the frame their helicity was
defined in. In Section 5.1 this was not done. This was due to the assumption that Madgraph
used the laboratory frame for that purpose while it actually used the partonic center-of-mass
frame. Since even with the wrong frame the results in Section 5.1 seemed to not be off and
because this frame might not always be known it is interesting to study the effects of the choice
of this frame.

This was done by using one sample produced by Madgraph with polarized bosons in the final
state. These were then decayed once with the correct choice of frame and once using the
laboratory frame. This means that samples 17 to 20 are used and referred to by the same
name as in the previous chapter, "'WZPart’ as well as samples 9 to 12 which will be called

"WZLab’. The events were subsequently showered with Herwig.
Some distributions can be seen in Figure 5.11.

The choice of frame for the decay as no effect on observables of jets (see Appendix A.3) and
reconstructed bosons, which can be seen in Figures 5.11a and 5.11b. This is expected as
the decay angle only has an effect on single leptons. For the sum of all polarized samples
the transverse momenta of the individual leptons and the decay angles only show minimal
differences as can be seen in Figures 5.11c and 5.11e. Figure 5.11d shows that for the polarized
samples there is a small effect on the observables related to the individual leptons but it is

still extremely small and effectively within statistics. Where the difference plays the biggest
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Figure 5.11: Comparison of normalized distributions between the samples decay with
respect to the laboratory frame (red) and the partonic center-of-mass frame (blue) in the
VBS phase space. On the left side the distributions is shown for the sum of all helicites
while the right side shows it for longitudinal W and transversal Z bosons. From top to
bottom the transverse momentum of the W, the transverse momentum of the leading Z
lepton and the W’s decay angle are depicted.
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role is for the decay angles of the individual polarized samples shown in Figure 5.11f. This is
exactly as expected.

The difference between the two studied frames is a boost along the z-axis that should peak at
and also be symmetric about zero. This causes a similar effect for the difference between the
two decay angles. That this is almost, but not exactly, the case can be seen in Figure 5.12. The
dependency of A cosfj on the helicity combination comes from the differences in transverse
momentum and rapidity of the bosons depending on their polarizations. However, even a
symmetric decay angle difference would not explain the identical lepton observables by itself.
Depending on the rapidity and decay angle distributions of the bosons even a symmetric decay
angle difference around zero can lead to differences in the lepton observables. For example
if both the bosons rapidity and the nominal decay angle were 0 then the rapidity of the
lepton would also be 0. Any change of the decay angle would reduce the leptons transverse
momentum and increase its absolute rapidity. It is unclear whether the distributions are not
affected by the change in decay frame or if the deviations are just too small be differentiable
from statistical fluctuations. It can be concluded that the decay angle should not be used
for fitting the polarization fractions when it is not known in which frame the helicity of the
bosons was defined in or when it is known that the decay was simulated in the wrong one.
Other variables can, however, still be used for this frame as long as one is not sensitive to
deviations significantly smaller than the statistical fluctuations of the samples used for this
comparison. If the production frame is completely unknown the only save observables are
those of the jets and the reconstructed bosons. Of course one still has to make sure they are
sensitive to the helicity in the first place and that they are not heavily affected by the used
approximations. Table 5.9 shows that the overall cross section is also not significantly affected
by the choice of decay frame. The small differences most likely come from differences in the
transverse momenta of the leptons in each event. The different choice of decay angle might
make it so that the pr of the lepton is too small to pass the minimum cut of 15 GeV/ 20 GeV
as listed in Table 5.7.

In the future Madgraph will allow users to chose the frame in which the matrix element is
calculated. This will also be the frame in which the final state bosons helicities are going to
be defined in. From a physical point of view it should make no difference which frame the
helicity was defined in as long as the decay happens with respect to that frame, if one adds
up all of the polarizations. When this option is available a cross check should be done where
the bosons are produced and decayed in the laboratory frame and also in the partonic center-
of-mass frame. The resulting samples should be identical within statistic. Unlike the decay
frame, the change in production frame should have a significant effect on the cross sections of
the individual polarizations. The option was, however, not available within the time frame of
this thesis.
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Figure 5.12: Differences of the cosines of the decay angle in the PCoM frame and in the
lab frame (cos 0%” — cos 9%/?}’) of the W boson.

WZPart 189.3 0.7
WZLab 189.1 +£0.7
WZPartLT 37.24 +0.31
WZLabLT 36.99 +£0.31

Ratio:LT-Part 0.197 £0.004
Ratio:LT-Lab 0.196 £+ 0.004

Table 5.9: Comparison of the event number of the polarized samples in the VBS phase
space scaled to a luminosity of 139fb—!. "Part’ refers to the samples decayed with respect
to the correct partonic center-of-mass frame and those with 'Lab’ to the ones decayed with
respect to the laboratory frame. 'L’ and "I refer to the polarization of the W and Z boson
in the sample in that order. The first two are the sum of all the individual ones produced
with the same frame. Also depicted are the ratios of the individual polarized samples to
the sum of the ones produced in that specific frame.
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5.2.3 Comparison between WZDecay and Reweighting Methode

The reweighting approach was used in previous analyses. In this part of the thesis the old
approach with compared with the newer on using the narrow-width-approximation to find
advantages and disadvantages of each approach to make sure the right one is used in the

future depending on what the goal is.

5.2.3.1 Fit of Helicity Fractions

The first step in generating polarized samples with the reweighting methode is to get values
for the helicity fractions by fitting the analytically expected decay angle distributions shown
in Equations 2.51 and 2.52 to the measured ones. For this the bosons are grouped depending
on their transverse momentum and pseudo-rapidity. Then a weighted log likelihood [19] fit
is performed in each of these bins using the ROOT software framework [50]. As cuts on the
leptons distort the analytical functions these fits are performed in the total phase space. The
used fitting method constrains each parameter to be between 0 and 1. It does not, however,
constrain the sum to be equal to 1 as then the former constraint could not be guaranteed. The
difference between these two options has already been studied in [1 7] with the result being that
it is preferable to constrain the individual parameters. To make sure that the fit works properly
in the first place a closure test is done by applying it to the WZDecay sample. Since the total
WZDecay sample is a sum of samples that were produced with the proper distributions put
in the fits should reproduce them exactly as long as there is enough statistics for a good fit.
Table 5.10 shows this. Additional tables can be found in Appendix A.6. The polarizations
fractions of the fit and the ones produced by Madgraph are identical within statistic. Figure
5.13 shows the decay angle distributions as well as the fit for the Z boson in the bins with
the absolute value of the pseudo-rapidity larger than 3.0. The full set of figures is depicted in
Appendix A.7. The differences in the shape as well as the declining number of events is clearly
visible.

Another consistency check is done by considering the p-values of the fits. For this the x? value
as well as the number of degrees of freedom are used. It represents the probability to obtain
a larger x? value assuming a y2-distribution for that number of degrees of freedom. A total
of 48 fits was done. If the fit performs well the p-values should be distributed uniformly over
the [0,1]. This distribution is shown in Figure 5.14.

While the distribution is not directly compatible with a uniform one it will still be used. The
same fit was then used for the sample with the complete process as well as the one utilizing
the decay chain syntax. The Table 5.11 shows the values generated by the fit for all three
samples in the different bins of boson pseudo-rapidity and transverse momentum. This time
events with both positively and negatively charged W’s were used. Figure 5.15 also shows the
p-value distributions for both of those fits.

While the p-value distribution for the full sample is compatible with a uniform one the one
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Table 5.10: List of fo(Z) helicity fractions for the W+Z WZDecay sample in different
(pr/|n|)-bins of the vector boson in %. The left column represent the root fits in the first
step of the reweighting and the right one the actual fractions as produced by madgraph.

Z
Fit MG |  Fit MG
[nl(V)
0-1 1-—2
pr(V)
0-30 [GeV]|494+18 504+0.6|508+1.3 521404
30 —60 [GeV] | 338408 334%0.2|37.0+0.7 36.740.2

[GeV]
GeV]

60 —90 [GeV] |23.3+0.7 22.7+£0.2|256+0.7 25.6+0.2
[GeV]

90 — oo |GeV| | 122403 123+0.1|1344+04 13.84+0.1
2—-3 3 — 00

0—30 GeV| | 55.5+£1.1 55.64+0.3 | 59.5+0.9 59.3+0.3

30—-60 [GeV]|40.14+0.7 409+0.2|39.44+09 40.040.3

[GeV]
[GeV]

60 —90 [GeV] [292+0.8 27.94+02 (240413 23.7+0.3
[GeV] | 14.0£0.6 14.6+0.1 | 128+14 120403

Table 5.11: List of fy(Z) helicity fractions for the three samples in different (pr/|n|)-bins
of the vector boson in %. The values are as produced by the root fit. This is true even for
the WZDecay sample.

7
Chain Full W7 ‘ Chain Full W7
Inl(V)
0—1 1-2
pr(V)
0—30 GeV| | 50.7+£20 49.04+49 4984+1.3|533+1.5 429+3.8 50.8+0.9

(GeV]

30— 60 [GeV] [389+09 39.3+24 334+06[39.6+£08 37.4+21 36.1+05
(GeV]
(GeV]

60 —90 |GeV| | 309408 31.7+21 23.0+0.5|29.2+07 31.1+20 25.04+0.5

90 —oo |GeV| | 21.7+£04 222410 1244+0.2|21.24+04 205+1.1 13.54+0.3
2—-3 3— 00

0—30 GeV] | 51.94+1.2 481433 545408 | 55.7+1.0 52.7+25 57.14+0.6

30—-60 [GeV]|38.54+08 39.6+21 3944+05|333+10 302+25 37.54+0.7

[GeV]

[GeV]
60 —90 [GeV] |24.7+09 24.6+23 27.6+06|165+13 15.9+35 23.1+1.0
90 —oco [GeV] | 17.8+0.6 17.8+1.6 13.7+£04 [120+0.6 22.0+49 125+1.0
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Figure 5.13: Decay angle distribution of the Z boson in W Zjj events (blue) alongside
the fit of the analytical distributions to it (red). Depicted are the bins where the absolute
pseudo-rapidity of the bosons is larger than 3. From top left to bottom right the transverse
momentum of the Z was between 0— 30, 30 —60, 60 — 90 and 90 — oo GeV. The distributions
are for the sample produced with on-shell bosons.
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Figure 5.14: Distribution of the p-values for the fits of the analytical decay angle distri-
butions to the measured ones for the sample produced with WZDecay.
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Figure 5.15: P-value distribution for the fits of analytical decay angle distributions to the
measured ones for the full sample (left) and the decay chain sample (right).

for the chain sample deviates from that significantly. On top of that it is shifted towards
lower values which corresponds to worse fits. As no systematic cause for these bad fit results
could be found they were still used for the reweighting. The table shows that while all three
samples display similar behaviour in that the fraction of longitudinal bosons decreases with
higher pr the Full and Chain samples do not reproduce the dependency on the rapidity nor
do they reproduce the absolute values very well. This is especially visible in the bin with
a transverse momentum larger than 90 GeV where the values for the two samples with no
on-shell approximations are up to 80 % higher than the ones with the approximation present.
This can also be seen in Figure 5.16 It shows the angle distributions of the Z boson for the
three samples in three different bins. For bins in the upper two rows the fit to the WZDecay
sample predicts lower fractions of longitudinal bosons while for the third one it predicts a
larger one. This can be seen by the facts that for lower longitudinal fractions there are fewer
events close to |cosf| = 1 compared to those around zero. It is more obvious in the bin with
the transverse momentum between 30 — 60 GeV and the absolute value of the pseudo-rapidity
in the range 0 — 1. While the distributions in the Figures 5.16i and 5.16b are lower at the
edges, Figure 5.16¢ is basically flat.

The different determination of the helicity fractions in each bin also has an effect on the overall
helicity fraction combined over all of the bins. All of the helicity fraction a produced by the
reweighting of the three samples and as produced by Madgraph directly are shown in Table
5.12.

The values for the total phase space show that the reweighting of the Full and Chain samples
did not only produce wrong fractions in each bin but that they are also incorrect if summed
over all of the bins. The reweighting of the samples produced with Madgraph and WZDecay,
however, reproduces the correct values in the total phase space. In the VBS phase space the

fractions for the samples with fewer approximations still remain significantly different from
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Figure 5.16: Decay angle distributions of the Z boson in W*Zjj events (blue) alongside
the fit of the analytical distributions to it (red). From left to right are the sample with
the decay chain syntax, with the full process and lastly the one using WZDecay. On top
the pr/|n|-bin 30 — 60 GeV/0 — 1, in the middle 90 — co GeV/1 — 2 and on the bottom
60 — 90 GeV /3 — oo are shown.

total phase space
Sample LL LT TL TT
Full 7.85£0.11 | 19.43£0.19 | 20.33 £0.19 | 52.39 £ 0.29
Chain 7.70 £0.05 | 19.04 £ 0.07 | 20.59 £ 0.07 | 52.68 = 0.11
WZReweight | 5.38 £0.03 | 16.85 £ 0.05 | 17.77 £ 0.05 | 60.00 £ 0.08
WZ 542+ 0.08 | 16.89 £ 0.08 | 17.80 £ 0.08 | 59.90 £ 0.10
VBS phase space
Sample LL LT TL TT
Full 825+0.34 | 199+£0.5 20.6 £0.6 51.2+£0.7
Chain 8.50 £0.12 | 20.20 £0.18 | 20.81 £ 0.18 | 50.50 £ 0.26
WZReweight | 5.57 £0.07 | 18.09 £ 0.12 | 17.29 £ 0.11 | 59.05 £ 0.19
WZ 6.68 £0.17 | 19.58 £0.18 | 17.82 £ 0.18 | 55.92 £ 0.21

Table 5.12: Total helicity fractions as determined by the reweighting of the three samples
(first three rows) and by Madgraph directly (last row). On top they are shown in the total
phase space and on the bottom in the VBS phase space.
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the one with polarized on-shell bosons. The other majors observation is that the reweighting
of the WZDecay samples now also gives fractions that significantly deviate from the values
obtained directly from Madgraph. This is because not all of the dependencies of the helicity
fractions on other variables can reproduced correctly. Thus, some phase space cuts effect the
two samples differently.

These differences between the on-shell samples and the reweighting of the other two can be
made plausible by the different diagrams, off-shell and interference effects that still play a

significant role in the total phase space that the fit is done in.

5.2.3.2 Study of Reweighted Samples

Since the fits already show significant issues it is questionable that the reweighted samples will
give good results either. The first thing, however, is to make sure that the reweighting does
what it is supposed to do in the first place. That is to reproduce the distributions of the decay
angles in the total phase space. This is shown in Figure 5.17. On the left it is visible that the
total cross section differences seen in Section 5.2.1 are propagated through to the polarized
samples. Additionally the different overall values of the helicity fraction discussed above also
effect the normalization of the different samples. The right picture, however, shows that the
distribution itself is reproduced properly for the transversal W boson in WTZL events.
However, this is not always the case. Figure 5.18 shows the decay angle distribution of the Z
in WTZL events and both decay angles in the WLZT case. The decay angles for the other
two helicity combinations are shown in Appendix ??7. It can be seen that the distributions
of longitudinal Z bosons shows significant deviations. Figure 5.19a shows that WZdecay
models this angle correctly. This means that the reweighted samples reproduce this observable
incorrectly. The cause of this deviation was not studied further in this thesis. The decay angle
distribution of the W boson in WLZT events also shows differences between the reweighting
method and the approach using WZDecay. This time, however, the problem lies with the
WZdecay sample. This can be seen in Figure 5.19b. There it has deviations from the analytical
distribution in the left most bins. As WZdecay produced the correct distributions for both
bosons in the parton level studies the issue most likely lies either in the showering, the small
cuts that are already applied in the total phase space or in the analysis itself. Additionally
the reweighted Full and Chain samples show deviations in the bin closest to cosfj, = —1 for
transversally polarized bosons.

Figure 5.20 shows both decay angles for WLZT and WTZL events in the VBS phase space.
While the transversal distributions are correctly described like in the total phase space the
longitudinal ones show significant deviations. The longitudinal Z shows deviations similar
to the ones in the total phase space but with larger differences. The distributions of the
longitudinal W also do not match exactly. The differences do not, however, align with those

seen in the total phase space and are fairly similar to the ones for the longitudinal Z boson.
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Figure 5.17: Comparison of the decay angle distributions of the W boson in the total
phase space for events with a longitudinal Z and transversal W boson. ShShown are the
reweighted samples of the full (red), decay chain (green) and WZdecay (orange) processes
as well as the events produced with WZDecay (blue). On the left the distributions are
shown as they are and on the right they are normalized to one.

The strong deviations of the decay angles from the analytical functions and those produced
with Madgraph and WZDecay are already a strong argument against the reweighting method.
Other distributions are still studied as a proper modelling of those could make the reweighting

approach useful in some cases.

All actual studies of polarization in vector boson scattering are done in the VBS phase space.
This means that the validity of the reweighting methode has to be proven there. Figure 5.21
shows some jet distributions. More observables can be found in Appendix A.4. The left side
depicts both the Chain sample as well as all the samples produced by reweighting it to a
specific helicity combination. Figure 5.21a and 5.21e show that the reweighting clearly has an
effect even on distributions that the fit was not binned in. The important question is this is
the effect that is expected for samples of that helicity. For that one helicity combination is
picked out and the distributions of the reweighted Chain and Full samples are compared with
the ones produced by WZDecay. Additionally the full WZDecay sample is also reweighted
to the same helicity combination. This is done as a test to differentiate between inherent
problems of the reweighting and those caused by using approximations. The latter not only
causes problems for the variables that are directly affected by them in the VBS phase space
but also for those that differ in the total phase space as the determination of the polarization

fractions is done there.

Some variables that were affected by the use of the approximations even in the VBS phase
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Figure 5.18: Comparison of normalized decay angle distributions in the total phase space.
On top they are shown for WLZT event. On the left the angle of the Z and on the right the
angle of the W is depicted. The figure on the bottom is of the Z boson in WTZL events.
Shown are the reweighted samples of the full (red), decay chain (green) and WZdecay
(orange) processes as well as the events produced with WZDecay (blue).
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Figure 5.19: Comparison of the longitudinal decay angle distributions. Shown are the
sample produced with WZDecay (blue) as well as it reweighted (orange). Also depicted is
the analytically expected distribution (black).

space where the transverse momentum of the leading jet, the pseudo-rapidity of the subleading
jet and the rapidity difference between those two shown in Figures 5.9b, 5.9d and 5.9f. If the
reweighting reproduces these variables correctly except for the direct effects of the restriction
to resonant diagrams and the narrow-width-approximation the reweighted shapes should show
the same deviations.

The the comparison of one polarization as produced by the different methods are shown in
Figures 5.21b, 5.21d and 5.21f. It can be seen that the deviations are no the same as the ones
for the full samples. In the case of the subleading jet’s pseudo-rapidity the effect is even the
reverse one. Interestingly enough the transverse momentum of the leading jet and the rapidity
difference show fewer differences. This could either be because the reweighting corrects these
mistakes or because it it reproduces them incorrectly with the effect of the wrong reweighting
and the approximations cancelling each other. The strong deviation in Figure 5.21d suggests
it might be latter.

No significant effect of the approximations was observed for the decay angle of the bosons,
their transverse momenta and their pseudo-rapidities. As the first one is the distribution that
the samples are reweighted to match and the latter two are the ones that the fit was binned
in these are the observables that should definitely be modelled correctly. Figure 5.22 shows
these distributions. Again the left side shows them for all the helicitys as produced by the
reweighting of the Chain sample while the right side compares the reweighted samples with
the WZDecay one for one specific helicity combination. Figures 5.22a and 5.22c¢ clearly show

the steps cause by the reweighting procedure. They are most visible in the distributions of
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Figure 5.20: Comparison of normalized decay angle distributions in the VBS phase
space.On top they are shown for WTZL events while the left depicts WLZT event. The
left side shows the decay angle of the Z while the right side shows the one of the W.Shown
are the reweighted samples of the full (red), decay chain (green) and WZdecay (orange)
processes as well as the events produced with WZDecay (blue).
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Figure 5.21: Comparisons of distributions for samples representing polarized bosons. On
the left side the normalized distributions are shown for the reweighted samples produced
with the decay chain syntax.

The letters T’ and 'L’ represent the polarization of the

The right side compares the T'L samples produced by
reweighting the full (red) , chain decay (cyan) and WZDecay (organge) samples with the
All distributions are shown in the VBS phase space.
From top to bottom the pr of the leading jet, n of the subleading jet and the rapidity
differences between those two are shown.
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the transverse momentum but can also be seen for the pseudo-rapidity. There they are most
visible at |n| = 1.

It can be seen that the ratios of polarizations in each bin is changed according to what one
would expect from the fractions listed in Table 5.11. This expectation is that the distribution of
the transverse momentum gets lowered at every bin edge for longitudinal Z’s as the calculated
fractions decreased with increasing pr. For the pseudo-rapidity it is not immediately clear
what the expectation for the shape of the distribution is. This is because the polarization
fractions and their dependency on n differ widely depending on the transverse momentum.
As can be seen in Figure 5.23 for n’s close to zero most events have a Z with a py of 60 GeV
or more which corresponds to an fy of around 3 %. For larger values of the absolute pseudo-
rapidity lower transverse momenta dominate causing the fraction of longitudinal bosons to
increase. This is exactly what can be seen in 5.22c.

The right side however shows that they still do not match all of the distributions produced by
Madgrapgh and WZDecay. The transverse momentum distribution is fairly well described in
the range of 30 —90 GeV. For higher and lower values the difference in determined polarization
fractions and the binning cause significant deviations. The latter can be seen by the fact that
also the reweighting of the WZDecay sample does not match the distribution for high pr while
the former can be seen in the fact that the reweighted distributions of the Full and Chain
sample lie so much higher than the one of the reweighted WZDecay sample.

For the pseudo-rapidity the most obvious difference is visible for values smaller than between
—1.5 and 1.5. There the reweighted samples with less approximations have significantly more
events. This is mainly due to the fact that in this range the bin with higher transverse
momentum contribute more and in those the fit to these samples produced significantly higher
longitudinal fractions. For example for a transverse momentum between 60 and 90 GeV and
In| < 1 the fit to the Chain sample produced fy = 30.9 % while the one to the WZDecay sample
resulted in fy = 23.0 %. The deviations between the nominal and reweighted WZDecay samples
are again because of the limited number of bins.

Overall the reweighting method showed significant problems in determining helicity fractions
as well as reproducing correct distributions for most observables. Only the decay angle dis-
tributions of the W boson in the total phase space could be confirmed to have been modelled
accurately. Meanwhile the samples generated via WZDecay showed some deviations for the
decay angle distribution of the W boson. However, as this deviation was not present in the
parton level studies the problem most does not lie with the approach itself. Due to this the

approach utilizing the narrow-width-approximation should be used in the future.
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Figure 5.22: Comparisons of distributions for samples representing polarized bosons. On
the left side the normalized distributions are shown for the reweighted samples produced
with the decay chain syntax. The letters T’ and 'L’ represent the polarization of the W and
Z bosons in that order. The right side compares the T'L samples produced by reweighting
the full (red) , chain decay (cyan) and WZDecay (organge) samples with the one produced
by WZDecay (blue). All distributions are shown in the VBS phase space. From top to
bottom the decay angle of the W, and the pr and 7 of the Z are shown.
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n2)

Figure 5.23: Visualization of the dependency of the Z’s transverse momentum on its
pseudo-rapidity. The distributions is shown for the Chain sample in the total phase space.

5.2.4 Determination of Sensitive Observables

The final thing to do at particle level is to do a study of which observables are good candidates
for the eventual fit. This means to find out which variables are most effected by the polarization
of one or both bosons. For this the samples produced with WZDecay were looked at. A table
of scaled event numbers and ratios of the different samples can be found in Table 5.13.
Naively the variables that are expected to be sensitive to a bosons polarization are the cor-
responding decay angle as well as all kinematic variables of the reconstructed boson as well
as those of the individual leptons and for the W the missing momentum. To first get a sense
if these assumptions hold and what other observables might be sensitive the distributions of
some of them are shown for the different polarizations in Figures 5.24,5.25 and 5.26. Even
more distributions can be found in Appendix A.5.

The first figure, Figure 5.24, shows the distributions for the decay angle of the Z boson
and the transverse momentum of the W boson. Both of which are expected to be sensi-
tive from theoretical considerations as well as based on the parton level distributions shown
in Section 5.1.2. The same is true here with strong shape deviations with differences over

50% in some bins. Also shown is the pr balance of the tagging jets. It is defined as

oL () = V/ (02(31) 02 (72)) 2+ (py (41)+py (52))?
N A T ER v R ENRY SN PR EXvW PN

with one longitudinal boson they get significantly bigger for the LL case. Figure 5.25 shows

While this variable shows differences for the cases

the distributions for some variables related to the jets. Like in the parton level case the jet
distributions only show fairly small deviations of up to around 20 % for the case where a single
boson is longitudinal but larger differences of up to 50% for the double longitudinal case.

Lastly Figure 5.26 shows shows variables that are not expected to be sensitive. That this is
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Figure 5.24: Comparison of normalized distributions between the different polarized sam-
ples produced with WZDecay for the partonic center-of-mass frame. The letters "I’ and 'L’
refer to the polarization of the W and Z bosons in that order. The distributions are shown
for the VBS phase space. From left to right and top to bottom the decay angle of the Z
boson, the transverse momentum of the W boson and the balance of transverse momenta
of the leading jets are depicted.
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Figure 5.25: Comparison of normalized distributions between the different polarized sam-
ples produced with WZDecay for the partonic center-of-mass frame. The letters "I’ and 'L’
refer to the polarization of the W and Z bosons in that order. The distributions are shown
for the VBS phase space. From left to right and top to bottom the transverse momentum of
the leading jet, the pseudo-rapidity of the subleading jet and the rapidity difference between
those two are depicted.
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Wz 180.43 £0.30
WZLL 12.06 =£0.08
WZLT 35.33 £0.13

WZTL 32.16 +£0.13
WZTT 100.89 +£0.23

Ratio:LL 0.0668 +=0.0017
Ratio:LT 0.1958 £0.0018
Ratio:TL 0.178240.0018
Ratio:TT 0.5592 £ 0.0021

Table 5.13: Event numbers of the polarized samples produced by Madgraph and WZDecay
scaled a luminosity of 139fb~! in the VBS phase space. Also depicted are the ratios to the
sum of all of them.
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Figure 5.26: Comparison of normalized distributions between the different polarized sam-
ples produced with WZDecay for the partonic center-of-mass frame. The letters T’ and 'L’
refer to the polarization of the W and Z bosons in that order. The distributions are shown
for the VBS phase space. On the left the invariant mass of the tagging jets and on the right
the mass of the reconstructed Z boson are shown.
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in fact the case can be clearly seen by the fact that in the normalized plots no significant
differences are visible. All of these results align with those of parton level study. Observables
that showed differences for single boson polarization like the boson’s transverse momentum at
parton level do also show deviations at particle level. The same goes for observables showing
difference for LL events like jet observables and those seeming unaffected by the polarization

like the invariant mass of the Z leptons.

These visualizations are very helpful to get some rough idea of which variables could lead
to good fit results. While such qualitative discussions are nice quantitative results are still
needed, For this a template fit was done with the distributions of the individual polarized
samples to the sum of them as well as the two samples with less approximations using the
ROOT TFractionFitter [51] which employs a likelihood method. The results of this fit are the
fractions of the scaled integrals of the polarized samples over the integral of the mixed sample.
The used fitting method does not constrain the sum of the individual integrals to be exactly
equal to the integral of the mixed sample. This results in the sum of fractions not being exactly
equal to one. The fit considers both the statistical uncertainties of the mixed sample and the
polarized templates. However, the uncertainties of the templates are not introduced as formal
fit parameters. The minimisation with respect to those is done analytically. If the determined
fraction is the same as the one that polarization was produced with by Madgraph then that
observable is sensitive to the helicity of the studied bosons. The fractions of longitudinal W
bosons was fo(W) = (26.26 £ 0.35) %. For the Z boson it is fo(Z) = (24.50 & 0.35) %. The
amount of events where both bosons were longitudinally polarized is fo(WZ) = (6.68 £ 0.17) %
of the total. For each observable four separate fits were done . The first one fitted all four
individual helicity (LL/LT/TL/TT) templates to the provided reference. This fit will be
called the four-template fit. The second and third one each combined two of the templates
so only the helicity of one boson was the same in the two remaining templates (WL/WT and
ZL/ZT). The last fit also looked at just two templates. The first one included only events
where both bosons were longitudinally polarized while the second one included the three other
combinations. These will be referred to as two-template fits. The fraction of longitudinal W
bosons is then either the direct fraction of the WL sample in the fit of WL and WT or the sum
of the LL and LT fractions in the fit of all four templates. The latter is called the ALL-Fit
while the former is referred to as the W-Fit. First a closure test was done to make sure the
fit does what it is supposed to do. For this the individual polarization samples were fitted to
their own sum. This means that theoretically all distributions should reproduce the actual
values exactly. Since the fit takes the statistical uncertainties into account it is not expected
that every variable gives the perfect result. Especially those that are extremely insensitive to
the bosons polarization can still show significant deviations. The results of this fit can be seen
in Table 5.14.

Here S is the scalar sum of the transverse momenta of the Z leptons and Sy, the scalar sum of



78

5 Study of Generated Events

Table 5.14: List of longitudinal helicity fractions as determined by template fits based on
different observables in %. Here the polarized samples were fitted directly to their sum.
Fractions as produced by madgraph:
fo(W) =26.26% | fo(Z) =24.50% | fo(WZ) = 6.68%.

WL ZL LL
Observable |  W-Fit ALL-Fit 7-Fit ALL-Fit | LL-Fit  ALL-Fit
pr(2) 26.2+1.4 260+37 | 263+03 263+40 | 7.14£03 7.0+20
pr(W) 27.90+03 279+45 | 244+14 237439 | 7.0£03 6.6+2.2
Sy 26.2+15 25.9+43 | 264+03 264+53 | 7.1+04 T7.1+26
Sy 28.0£0.3 28.0+283| 245+14 2344351 7.14£03 6.4+13.6
n(Z) 255414 229476 | 243403 244+117| 65+04 55+58
n(W) 26.0+£0.3 261+29 | 239+1.7 239457 | 6.6+04 9.0+1.3
cos(0%) 24.6+1.5 25.0+34.6| 243+04 2434280 6.6+05 6.6+13.7
cos(67y) 26.0£04 260+3.7 | 223+15 246480 | 6.6+04 7.6+1.8
pr(6%) 26.3+1.5 264+86 | 272403 272442 | 74+04 T74+23
pr(t%) 25.7+£1.7 245455 | 245+04 246470 | 6.6+£05 58+3.6
pr (V) 277404 278+97 | 242+15 2494102 | 7.0+0.5 10.0+4.7
pr(v) 27.3+04 273+78 | 242+15 238464 | 6.9+05 6.6+3.9
n(¢%) 24.0£1.6 24.6+344 2404205 24.14+287| 02+99 6.5+135
n(t%) 24.3+1.6 249+73 | 231409 2314+18 |62+£11.6 52+0.6
n(") 25.0£20.8 252453 | 2424205 227446 |62+£115 57+£3.0
n(v) 241+1.0 238+44 | 196+1.7 29.6+13.6|6.0+11.2 12.2+1.4
pr(J)1 265+1.1 245+49 | 248+1.0 268436 | 6.84+06 64+1.9
pr(J)2 25.0+1.4 255+46 | 241+14 258446 |64+11.6 3.7+3.1
n(J)1 26.0+£1.3 215+1.9 | 240+14 353415 |65+£11.7 35+1.2
n(J)2 25.6£1.7 246+45 | 243412 245452 | 6.6+12 6.1+28
M, 21.5+1.6 36.7+77 | 199+1.6 37.2+78 |59+11.3 83+7.0
pipiss 27.3+04 273+28.9| 24.0+15 2424160 | 6.9+05 7.0+ 14.2
My 22.6+1.4 284+46 | 23.7+1.3 231449 | 5.7+11 57+3.1
My (W) 26.0£0.7 2594247 | 222414 2564341 |6.6+=11.6 4.6+12.4
M(WZ) 26.8+1.1 259476 | 25.0+£09 259467 | 6.84£99 6.9+35
Mr(WZ) | 262+05 263+6.6 |245+21.0 244+62 | 6604 6.6=+1.0
[omen, 26.0+£0.6 260+32 | 243+06 243435 | 6.6+03 6.6+0.7
pL(00ty) | 260410 261429 | 243+09 243+32 | 66+05 6.6+0.7
pL (0lvjj) | 260+1.2 2584339 | 241+13 245+343|01+120 6.3+128
AY () 26.2+1.3 309+14 | 2454206 241416 | 6609 25+1.1
M Jets 25.04£21.0 278417 | 238+1.3 219420 | 49+13 43+1.2
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the pr of the W lepton and p***. Almost all observables reproduced the expected values fairly
well. Only My and M;; give consistently poor results. Which are exactly those observables
that should be the least sensitive. Otherwise observables related to the other boson give worse
results. Additionally both fit options give roughly the same result for the longitudinal fractions

for most observables.

The second test was to split each of the polarization samples and fit one half of them to the
sum of the other half. With this one get two separate samples while the one the fraction
are fitted to still has the same expected fractions of longitudinal and transverse bosons. The

results of that are shown in Table 5.15.

Here one can see that the observables that are naively expected to be sensitive produce better
results. This include the decay angle of each boson, the rapidity and transverse momentum
of the bosons and their decay products. While (W) gives fractions of 25.9 % and 25.4 % for
longitudinal W bosons,which is still not perfect, n(Z) gives 30.9 % and 24.2 % which is worse.
The simple jet observables, however, give fairly poor results even though they should reflect
the kinematics of the bosons which are sensitive to the helicities. As discussed in Section 2.3.2
this correlation is suppressed by helicity changes during the scattering. An important thing
to note is that doing the two template fits one necessarily loses sensitivity to some variables.
For example in doing the two-template W-Fit one presumes the ratio of longitudinal and
transversal Z bosons in both of the templates to be the one produced by Madgraph. This
means that any fits to observables sensitive to this fraction will be biased. Additionally the
fractions of longitudinal Z bosons is slightly different for transversal and longitudinal W’s.
This means that the W templates still have some sensitivity to Z observables. Especially
when the templates can add up exactly to the shapes of the total sample. A visualisation of
this is shown in Figure 5.27. Slight shape differences can be seen for the transverse momenta
of both the Z boson as well as its leading lepton. This is not the case for the decay angle or the
leptons rapidity. This fact is reflected in the table. The two-template fit for the longitudinal
fractions of the W boson still gives decent results of 25.9% and 18.9% for the fit of the

momenta relating to the Z boson. However, the fits to the other two mentioned variables give

0 %.

As this is not the case for the four-template fits the results of these two methods are expected
to differ in those variables. Which is exactly what can be seen in the tables. For example the
four-template fit of the Z bosons transverse momentum gives a longitudinal fraction of W’s of
38.6 %. Curious are the fit results for the balance of the transverse momenta of the tagging jets.
While the two-template fits give consistently decent results for all three investigated fractions
the four-template one gives an acceptable value for fraction of events where both bosons are
longitudinal. This can be explained by the fact that the distributions of this variables are
extremely similar for the case where the W is transversal and the Z longitudinal and the

reverse one. These distributions are shown in Figure 5.28.
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Table 5.15: List of longitudinal helicity fractions as determined by template fits based on
different observables in %. In this fit each polarized sample was split in half. Then the one
half was summed up and the remaining polarized samples were fitted to that sum. Fractions
as produced by madgraph:
fo(W) =26.26% | fo(Z) =24.50% | fo(WZ) =6.68%.

WL 7L LL
Observable | W-Fit ALL-Fit 7-Fit ALL-Fit | LL-Fit  ALL-Fit
pr(2) 25.9+21 386+47 | 260+04 254+48 | 68404 14.2+2.3
pr(W) 279404 277+246| 27.0+21 2604260 | 7.0£04  0.3+0.9
Sy 24.6+21 27.0+222| 260+04 256431 | 6.6+05 0.0+0.0
Sy 28.0£04 291+36 | 163+22 13.6+22 | 71405 10.7+1.7
n(2) 309420 242453 | 241405 242495 | 66406 24.2+1.2
n(W) 259405 254+09 | 261420 412491 | 6.64+0.6 254-+0.8
cos(}) 00+05 884213 | 235+05 233420 |56+131 86+1.0
cos(03y) 257405 255+32 | 586+25 64.6+40 | 62406 255+0.8
pr(0%) 189+31 487443 | 265404 256425 | 6.6+05 256+0.9
pr(t%) 174422 137444 | 239406 244423 | 59+07 0.0+1.1
pr (V) 275405 255+68.1| 295+21 6274767 | 6.7+0.7 0.5+ 58.6
pr(v) 273405 261+74 | 31.9+21 495463 | 6.9+£0.7 9.9+38
n(t%) 00+£01 00+34 [265+21.2 283431 | 42437 00+1.2
n(t%) 00+£25 1000+3.6| 223+1.3 1944707 | 45+29 194+23
n(") 22.6+£20.1 228+29 | 31.7+22 413+74 | 41421 228+1.7
n(v) 23.9+£204 269+38 |51.2+261 27.74+127| 6.7+16 26.9+24
pr(J)1 235+19.8 16+18 | 227+15 493467 | 59+12 1.6+1.7
pr(J)2 23.3+£21 240+62 | 23.1+20 256462 | 46+29 1.1+43
n(J)1 25.0+1.9 218+08 | 274+25 219406 | 8.6+15 21.8+04
n(J)2 21.04£2.1 197+86 | 227+1.8 187+49 [65+11.8 17.3+3.2
M, 98+13.0 169+12 |77.9+197 640412 | 0.0£14 0206
plpiss 272405 251+58 | 37.0+21 7424110 6.8+£0.7 0.6+2.3
My 85.4+3.0 98.1+195| 342+19 40+189 |21.0+16 22+9.1
Mp(W) 274+1.0 268+249 | 182+21 4044262 |7.3+£12.6 0.0+0.0
M(WZ) 26.0+1.2 49.0+325| 241+12 00+132 | 6.3+£9.7 0.0+0.0
Mr(WZ) | 261407 4154349 2414209 65+175 | 65+05 4.6+11.3
pE, (i) 26.9+09 393+27 | 250409 101+32 | 72405 10.1+0.8
pL (0erw) | 2534204 425+179| 235+1.3  95+46 | 6.6+07 9.3+3.9
pL (00tvjs) | 262418 31.0+£33.9| 24.1+1.8 30.1+345| 0.0+0.0 30.1+224
AY (j4) 25.3+1.9 581+36.4|229+201 124151 |[53+104 0.0+12.6
M Jets 200+£1.9 294+33 | 271419 246+39 | 0.1+02 65+24
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Figure 5.27: Comparison of normalized distributions between the samples with longitudi-
nal and transversal W bosons. These were produced using WZDecay with respect to the
partonic center-of-mass frame. The distributions are shown for the VBS phase space. From
top left to bottom right the transverse momentum of the Z boson, its decay angle and the
pr and 7 of the Z’s leading lepton are shown.
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Figure 5.28: Comparison of the normalized distribution of pg;l (j7) between the samples
where the W is longitudinal and the Z is transversal (blue) and the reverse case (green).
These were produced with WZDecay for the partonic center-of-mass frame. The distribu-
tions are shown for the VBS phase space.

This means that the four-template fit can only accurately determine the sum of these two
fractions. It then has to distribute it to the two fractions which it can no do properly. The
result is that either the LT or the TL fraction is too high. This then propagates to the fractions
of longitudinal W and Z bosons. The two-template fits circumvent this problem again by
fixing the fractions LT/LL and TT/TL for the W fit. This however means that the result
is good because of the knowledge put into the fit and not because the variable is inherently
sensitive to the polarization of single bosons. Similarly it behaves with the two-template fits
to determine the LL fraction. Most observables even those not expected to be sensitive to
the combination of both bosons give very good results. Meanwhile no variable gives a decent
result in the four-template fit. This is again because one fixes the fraction of TT/TL and
TT/LT in the two-template fit. For actually sensitive observables like the bosons transverse
momenta and lepton observables the deviations to the actual values should be purely due to

statistical fluctuations.

These same fits are done with the Chain and Full samples. There the individual helicity
templates produced with WZDecay are fitted to the samples produced purely with Madgraph.
For those fits the fractions are not expected to reproduce the values given above exactly
as there are still some small deviations between the on-shell samples and these two as was
shown in Section 5.2.1. This is especially the case for those variables most affected by these
approximation effects. The results of these fits are shown in Tables 5.16 and 5.17 for the decay

chain sample and the full sample respectively.

Again the observables that were naively expected to be sensitive and showed different distri-
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Table 5.16: Longitudinal helicity fractions as determined by template fits based on different
observables in %. Here the polarized samples produced with the help of WZDecay were fitted
to the sample produced by madgraph via the decay chain syntax. Fractions as produced by

madgraph:
fo(W) =26.26% | fo(Z) =24.50% | fo(WZ) = 6.68%.
WL ZL LL

Observable W-Fit ALL-Fit Z-Fit ALL-Fit LL-Fit ALL-Fit

pr(2) 67.3 £2.2 75.2+48 | 28604 264+684 | 10.0£04 26.4 £ 3.7
pr(W) 28.4+0.3 25.8+0.6 | 56.9+2.1 88.6+7.0 7.7+04 25.7+0.5
Sy 100.0+0.3 100.04+1.1| 242+04 19.5+0.6 4.0+0.5 19.5+0.5
Sw 24.7+ 0.4 20.3+ 1.7 | 100.0+0.9 100.0+ 1.6 2.6 £0.5 20.3+0.9
n(Z) 100.0£2.7 99.8+£446 | 288+0.5 25.7+33.6 | 12.0£0.5 25.6+20.9
n(W) 26.9 4+ 0.5 27710 | 40919 29.64+5.3 7.74+0.5 27.7+0.8
cos(0%) 100.04+£3.1 100.0+45 | 279+0.5 27.54+3.5 11.0£0.6 27.5+1.0
cos(05,) 286+ 0.5 2844135 |100.0+44 89.8+64 9.84+0.7 284+ 2.1
pT(ﬁlz) 0.0£0.3 100014 | 23.7+£04 19.1+£1.6 2.7+0.5 19.1£0.7
pr(l%) 70.1£21 5H5864+13.2| 2744+£06 252+£11.9 ] 10.1+0.7 5.7£6.2

pr(f") 26.8+£0.5 2334240 | 426+2.0 95.1+£17.3 5.9+0.5 19.5+£13.0
pr(v) 27.5+0.5 2494272 | 0.0+159 75.1+£30.1 7.04+0.6 0.0£2.7

n(t%) 100.0 £12.2 37.7+65.4 | 38.6+2.7 387+38 2524+ 1.6 37.7+1.3
U(KQZ) 00+£11.9 3914164 | 18.7+17.0 18.04+0.9 0.1 +£0.2 18.04+0.9
n(e") 269+1.3 202+23 | 206189 288+14 8.6+ 1.4 28.4+0.7
n(v) 248 +£20.8 263417 | 492425 27.2+48 6.9+ 1.7 26.3£1.6
pr(J)1 385+23.3 268+159| 36.8+1.8 27.3+£155| 14.0+0.7 26.8 £ 3.7
pr(J)2 56.4 + 8.0 205+23 | 70.3+£2.2 67.84+3.2 36.9+1.7 20.04+ 2.0
n(J)1 67.1+1.9 46.0+7.0 | 999+12.0 39.2+28 328+ 1.5 39.24+2.8
n(J)2 77.3+24 6674285 | 385+1.6 23.54+4.0 187+ 1.2 23.44+4.0
My 100.0£+£3.3 99.8+3.8 | 1000+4.6 93.34+2.1 |100.0£17.0 93.2+1.9
piriss 274+05 248411.2| 0.0£+£3.0 75.1+£12.6 6.9+ 0.6 0.0 £10.2
My 100.0£0.2 100.0+0.3 | 100.0 £ 0.2 100.0£0.3 | 100.0£0.6 100.0 £ 0.3
My (W) 67.4+1.3 96.9+1.5 | 100L0£0.8 999+24 | 1000£0.7 96.94+1.4
MW Z) 2524+ 1.1 0.8+2.6 23.6+1.1 472436 5.4 +0.8 0.0+0.3

My (WZ) 23.1£0.6 0.0+0.1 23.3£0.7 51.94+0.7 3.9+£05 0.0£0.1

i (59) 2724215 187453 | 25644+£08 32.1+6.8 714+04 5.7+ 1.2

pg:ll (llv) 54.1+1.3 5694441 | 44.7+1.0 188+223 | 166+0.6 184+ 18.1
pi(00lvig) | 100.0 £0.2  100.04+0.4 | 100.0 4+ 0.3 100.04+0.4 | 100.0 £4.5 100.0+0.2
AY(57) 70.1 +£2.0 416 £33 | b88£23.6 44.5+2.6 26.7+ 1.3 24.14+1.2
N Jets 1000+ 0.2 100.0£04 | 0.0£0.0 100.0+£0.4 | 100.0£0.5 100.0+0.3




84

5 Study of Generated Events

Table 5.17: List of longitudinal helicity fractions as determined by template fits based on
different observables in %. Here the polarized samples produced with the help of WZDecay
were fitted to the sample of the full process produced by madgraph. Fractions as produced
by madgraph:

fo(W) =26.26% | fo(Z)

—24.50% | fo(WZ) = 6.68%.

| WL | 7L LL
Observable W-Fit ALL-Fit Z-Fit ALL-Fit LL-Fit ALL-Fit
pr(2) 51.8+11.8 4454350 | 27.6£0.8 263+28 | 87+09  0.140.3
pr(W) 288408 267+141 | 56.1+9.9 808+9.6 | 83+08 248+7.1
Sy 00+£1.9 799429 | 227409 186+12 | 22410  0.0£0.2
Sy 254+08 217437 | 75+36 783+42 | 36+1.0  0.0+22
n(Z) 1000 +1.4 98.5+44.0 | 285+1.0 2554221 | 11.74+12 255+21.4
n(Ww) 274+1.0 260+3.0 | 484+3.6 529+45 | 81+11  48+14
cos(6%) 100.0 £10.7 268+0.8 | 26.7+1.1 264+08 | 97412 264+0.7
cos(0%,) 282+1.1 2814452 | 0.0+£76.2 1284236 | 93+13 1284217
pr(0%) 00+£1.3 824456 | 220+£09 181+79 | 0.7+1.0 04+45
pr(t%) 46.1+34 41.3+11.2 | 263+1.2 259+142| 89+21 149471
(W) 26.7+1.1 253+10.1 | 25.1+3.6 65.0+133| 56+1.6 252489
pr(v) 27.3+1.1 278445 | 104+33 102+77 | 68+13  2.6+£2.2
n(¢%) 100.0 £20.1 482+7.9 | 357432 204+68 | 224432 22.0+34
n(¢%) 00+£658 626+14.1 | 17.24£22 1544172 | 0.0+554 1.6+115
n(e"W) 264+26  209+33 |31.1+£653 63.6+127| 55+28  0.040.1
n(v) 21.3+2.7 245+38 | 0.0+£67.9 27.9+11.3| 3.6+22 244433
pr(J)1 40.14£28 2554226 | 38.7+£27 31.5+38.0| 15.1+1.8 253+226
pr(J)2 69.7+£35 61.5+54.2 | 53.0+11.3 34.9+31.3 | 323+223 3414250
n(J)1 61.3+33 843+90.6 | 79.1+3.6 38+99 | 280+27 0.0+0.3
n(J)2 55.5+35 59.0+76.9 | 34.6+3.6 323+77.2| 132+28 0.1+738
M, 100.0 £61.7 100.0+77.4 | 0.0+184 004128 | 00465  0.0+54
piss 27.3+1.1 281+12.8 | 139+162 95+11.3 | 69+13 59462
My 100.0+£0.3  100.0+0.7 | 100.0+0.7 100.0 4 0.7 | 100.0+3.0 100.0 £ 0.7
My (W) 55.5+23.8 61.2+3.1 |100.0£05 61.2+49 | 51.6+28 612426
M(WZ) 28.24£21.7 11.1+12.8 | 26.7+£24 433+36.0| 81+31 11.0+£128
M (W Z) 229+14  00+04 | 229+15 507+1.7 | 37409 00402
pL.(Gj) 28.0+1.9  33+31 | 261+1.8 493+96 | 74+1.0 3.3+28
pL (000w 52.7+£2.6 5624427 | 43.6+£2.2 1844222 | 162+1.2 182+16.7
pL (0evjj) | 100.04+1.4  100.049.9 | 100.040.6 100.0+£9.9 | 100.0£6.9 100.0 + 8.8
AY (55) 63.0£3.3 31.3+£56 | 54.8+£3.1 4124146 | 242425 313450
M Jets 0.0+0.4 0.0£07 | 00£03 00+06 | 00+£02  0.0+02
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butions for the different polarizations of each boson give results close to the expected value. In
contrast to the fit to the split sum of the templates, insensitive variables now give results that
are significantly different from the expected values for both two- and four-template fits. Only
the jet pr balance gives good results for the LL fraction in both of the fits. Some variables
again give decent results in the two-template fit but are nowhere close in the four-template one.
The variables that give somewhat sensible results in both fits for both samples are summarized
in Table 5.18.

For the single boson fits these are the observables directly related to that boson or its leptons.

One thing to note is that the four-template fits has significantly higher uncertainties. For one
this is because it has to fit four templates with less statistics each and also because the shown
uncertainties are the sum of the individual contributions. As these two contributions have
almost the same exact shapes the fit can push them from one value to the other increasing
the uncertainties. Additionally the values tend to be higher then the direct Madgraph ones
for most observables. Some are even extremely far away. This are mostly the rapidities of
the leptons. These differences can be explained by the fact that the approximations have a
fairly significant effect on these variables. This is demonstrated in Figure 5.29. In Figure
5.29a it can be seen that the deviation between the stack and the decay chain sample is at
high values of lepton pseudo-rapidity. Incidentally longitudinal Z bosons produce leptons with
higher absolute rapidity. The opposite can be seen in Figure 5.29¢c. Figure 5.29e shows that
the W decay angle distribution has the biggest deviation around a cosine of 0. That the values
provided by the fit do indeed lead to a better agreement between the distributions can be seen
in Figure 5.30. The left side corresponds to the fractions as they were produced by Madgraph
in the on-shell sample while the right side depicts the values of the fit.

If the sample that the templates are fit to are scaled to the Run-2 luminosity of 139 fb~! and
the errors for each bin are set to the poissonian errors the uncertainties of the fit increase con-
siderably. The results of this fit are shown in Table 5.19. For the single boson fits uncertainties
remain small enough so that the longitudinal fractions are still incompatible with zero. The
scaled distributions of this can be found in Figure 5.31. The same is not true for the fraction
of both bosons being longitudinal. There the fraction is underestimated significantly and the
uncertainties of the fit are extremely large. Based in the results of Table 5.18 this was also not
expected, atleast not for the full sample. The distributions used for this fit are shown in Figure
5.32. The increased number of fit parameters, the generally small fraction of doubly longitudi-
nal events and the fact that the used approximations have a not insignificant effect on the distri-
butions of the jets pr balance cause the poor agreement with the value generated by Madgraph.
The last part is shown in For the sample of the full process which was used for these last fits the
poor statistics also play a role. Increasing the Luminosity even further to the roughly 3000 fb—!
of the High-Luminosity LHC and increasing the number of bins used for the fitting from 10 to
20 the fraction of doubly longitudinal events gets estimated to (3.4 £ 12.1) %. This is not a
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Table 5.18: List of longitudinal helicity fractions as determined by template fits based on
selected observables in %. Here the polarized samples produced with the help of WZDecay
were fitted to the samples produced by Madgraph either via the decay chain syntax or as
the full process. Fractions as produced by Madgraph:

fo(W) =26.26% | fo(Z) =24.50% | fo(WZ)=6.68%.

‘ Chain Full
WL | W-Fit | ALL-Fit | W-Fit | ALL-Fit |
pr(W) | 284£0.3 | 25.8+£0.6 | 28.8£0.8 | 26.7+ 14.1
Sw 24.7+£04 | 203£1.7 | 254+£0.8 | 21.7+£3.7
n(W) | 269+05 | 27.7+£1.0 | 274+1.0 | 26.0+3.0
cosfy, | 286+05 | 2844135 | 2824+ 1.1 | 2814452
pr(€") | 26.8+£0.5 | 23.3+£24.0|26.7£1.1|253+10.1
(™) | 269+1.3 | 292423 | 264+26 | 20.9+3.3
ppies | 274205 | 248+£11.2 | 27.3+£1.1 | 28.1+£12.8
ZL | ZFit | ALL-Fit | ZFit | ALL-Fit |
pr(Z) | 286404 | 264+684 |27.6+£0.8 | 26.3+2.8
n(Z) 28.8£0.5 | 25.7£33.6 | 285+£1.0 | 25.5 £22.1
cosfy | 279405 | 27.5+35 |26.7+1.1 | 264408
pr(f?) | 23.7£04 | 191£1.6 | 22.0£0.9 | 181£7.9
pr(t4) | 27.4£0.6 | 252+£11.9 | 26.3+£1.2 | 25.9 + 14.2
n(tf) | 386+2.7 | 38.7+£3.8 | 35.7+£32| 20.4+6.38
n(tg) | 187+17.0 | 180+0.9 |172+22 | 1544172
LL | LL-Fit | ALL-Fit | LL-Fit | ALL-Fit |

Pry(jj) | 7104 | 57+12 | 74+£10 | 33+28 |

Table 5.19: List of longitudinal helicity fractions as determined by template fits based on
selected observables in %. Here the polarized samples produced with the help of WZDecay
were fitted to the samples produced by Madgraph either via the decay chain syntax or as
the full process. For this fit the errors of the ’data’ samples was set as the poisson errors
of the events numbers corresponding to a luminosity of 139 fb~!. Fractions as produced by
Madgraph: fo(W) =26.26% | fo(Z) =24.50% | fo(WZ) = 6.68%.

| Chain Full
WL | W-Fit
pr(W) | 284+£7.7| 288+£76
Sw 24.8+£8.2 | 25.0+8.1
pr(f") | 272+£9.6 | 27.1£11.0
ZL | Z-Fit
cosfy | 27.849.3|26.9+10.6 |
LL | ALL-Fit

Pr(jj) | 1L.7£54 | 23+£11.4 |
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Figure 5.29: Comparison of distributions between the pure Madgraph samples and the
stacked polarized samples. The left side shows the comparison to the sample with the decay
chain syntax while the right side shows it to the full process. The distributions are shown
for the VBS phase space. On top the pseudo-rapidity of the leading Z lepton, in the middle
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Figure 5.30: Comparison of distributions between the decay chain sample and the stacked
polarized samples. On the left side the decay chain sample is scaled to the cross section
of the stack. On the right the stack templates are additionally scaled to represent the
polarization fractions determined based on this variable as shown in Table 5.18. On top
the pseudo-rapidity of the leading Z lepton, in the middle of the subleading one and on the
bottom the decay angle of the W are shown. The distributions are depicted in the VBS
phase space.



5.2 Particle Level

89

Events

Stack / Full

VBSSRIVV._cthetaZParton

35
t Vs=13TeV, 139.0 fb* WWZ-ZL (x 1.098)
- all channels WWZ-ZT (x 0.968)
30 Full (x 0.905)
C # Stat. Uncert.
25F
20F
15F
C Cos of the decay angle of the Z in the PartonCoMFrame
15: X219 =1.22929
1k — — —
055 1l b e b e e e L

-1 -08 -06 -04 -02 O 02 04

()

0.6 0.8 1
cos(6_2)

Events

Stack / Full

VBSSR/WIlep_PT

60 y5=13Tev, 139.0 bt
all channels

WWZ-WL (x 1.032)
BWWZ-WT (x 0.989)
Full (x 0.905)

% Stat. Uncert.

1.5: X219 =1.00253

Transverse momentum W leptop

=

0.5

TR R

1

L1

Lo b b b B by wy

20

40

60

80 100 120

(b)

140

160

180 200
(W
p, (")

Figure 5.31: Comparison of distributions between the full sample and the stacked polarized
samples. The full sample is scaled to the cross section of the stack templates. Additionally
the templates are scaled according to the helicity fractions determined by the fit and shown
in Table 5.19. The distributions are shown in the VBS phase space and the uncertainties

are set to the poissonian error of the events scaled to a luminosity of 139 fb~!.

The left

side shows the distributions of the decay angle of the Z and the right side shows it for the
transverse momentum of the W lepton.
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Figure 5.32: Comparison of distributions between the full sample and the stacked polarized
samples. The full sample is scaled to the cross section of the stack templates. Additionally
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strong improvement neither in value nor in accuracy. Doing the same procedure for the decay
chain sample the fraction changes from the (1.7 +5.4) % listed in Table 5.19 to (5.8 £ 6.6) %.
This makes it likely tat the poor result for the full sample is due to its poor statistics. All of
these values were generated using purely samples simulating W 2355 — EW or approximations
thereof. Adding detector effects and backgrounds can reduce the accuracy of these fits con-
siderably. This is especially the case when they mimic the distributions of interest, which for
this study are those of events with one or two longitudinal bosons. For this reason the samples
produced with WZDecay are compared with ones simulating W 257 — QCD. For this the
sample mec15 13TeV.364253.Sherpa_222 NNPDF30NNLO_lllv.merge. DAOD_STDM5.e5916_s2726_r7772_r7676_p3317
was used [52]. It contains Diboson processes with three charged leptons and one neutrino
simulated with the Sherpa 2.2.2 event generator [31]. Matrix elements contain all diagrams
with four electroweak vertices. They are calculated for up to one parton at NLO and up to
3 partons at LO using Comix [53] and OpenLoops [51], and merged with the Sherpa parton
shower [55] according to the ME4+PS@NLO prescription [56]. The NNPDF3.0nnlo PDF set
is used in conjunction with dedicated parton shower tuning developed by the Sherpa authors.

The event generator cross sections are used in this case (already at NLO).

Table 5.20 shows the expected event numbers of the samples at a luminosity of 139fb=t. It
can be seen that even with all of the cuts listed in Table 5.6 the QCD background still has
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a significantly higher cross section than the electroweak signal process. The distributions of
pi(37), cos 0% and pr(£") are compared in Figure 5.33. It can be seen that the QCD sample
and the total electroweak one produced with Madgraph and WZDecay show no significant
differences for the decay angle of the Z boson or the transverse momentum of the W lepton.
For a fit this means that the background will have no effect on the determined helicity fractions
besides increasing the general uncertainties. However, it will not be possible to determine the
overall fraction of WZ/QCD or WLZL/QCD with such a fit. For pl,(jj) differences can be
seen between the QCD samples and all helicity combinations as well as the sum of them.
Crucially the distribution of the QCD samples does not have a shape similar to the one with
two longitudinally polarized bosons. This means that using a fit it is in principle possible to

not only determine the individual helicity fractions within the electroweak sample but also to
determine the ratio of WZ/QCD and WLZL/QCD.

All 931 +5
W7 180.43 £0.30
QCD 750 +5

Ratio:WZ/All 0.1938 £0.0027
Ratio:QCD/All 0.806 =+ 0.008

Table 5.20: Comparison of the event numbers between the electroweak sample gener-
ated with WZDecay and the QCD sample generated with Sherpa scaled to a luminosity of
139fb~! in the VBS phase space. "All’ is the sum of the two samples.
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Figure 5.33: Comparison of normalized distributions between the WZDecay and W Zjj —
QCD samples in the VBS phase space. On the top left the decay angle of the Z, on the
top right the transverse momentum of the W’s lepton and on the bottom the balance of
transverse jet momenta are shown.



6 Summary and Outlook

This thesis expanded on previously done work regarding polarization in the scattering of W+
and Z bosons at the LHC. Especially the scattering of longitudinally polarized bosons is
interesting to study because without a Standard Model Higgs it violates unitarity at high
energies. A precise measurement of W7 scattering might thus lead to a better understanding
of the exact mechanism of EWSB or give hints for physics beyond the Standard Model. Using
the full data set of the Run-2 of the LHC with its integrated luminosity of . = 139fb1 it
might be possible to extract useful limits on the polarizations fraction in the scattering of a

W and a Z boson.

In this thesis two methods to produce polarized samples were studied. The one employing the
narrow-width-approximation was investigated in detail while the older one using reweighting
did not need in depth studying and was simply compared to the new approach. First the
validity of all approximations needed for the new method were examined at parton level.
Additionally a rough qualitative study was done of which observables are sensitive to boson
polarization. Next the approximation study was redone at particle level. The result was that
while the approximation has measurable effects in the VBS phase space they remain small
especially for observables of interest. It was also shown that while it is beneficial to know the
frame in which the bosons helicity was defined in useful studies can still be done even if it is
not exactly known. This only holds if the frame is not too different from the laboratory frame
or if the used observables are restricted to one related to the jets and bosons. In the future
Madgraph will allow the frame in which the helicity is defined in to be chosen by the user. This
will make it possible to verify that the choice of frame has no effect on the final distributions
as long as the same frame is used for production and decay. A comparison between the new
approach and the older one that reweighted inclusive samples was performed. It was found
that the reweighting approach gives bad results in almost all variables as well as for the total
helicity fractions. This is because the fit is done in the total phase but utilized in a completely
different one. This means that in the future it should not be employed when observables other
than the decay angle are studied. Instead approaches like the narrow-width-approximation
should be utilized.

Lastly a qualitative and quantitative investigation of observables sensitive to the bosons polar-
ization was done. It was found that variables related to the kinematics of the full reconstructed

bosons were generally the most sensitive. Observables relating to single leptons still showed a
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considerable sensitivity. However, especially for the Z bosons these produced helicity fractions
that could deviate significantly from the values produced by Madgraph if fitted to the inclusive
samples. This is at least partially due to the necessary approximations having a large effects
on these variables. For the W boson these seem to be smaller. As for this particle the full
reconstruction is not possible due to the neutrino not interacting with the detector observables
of the W boson’s lepton should be used.

One observable even proved to be sensitive to the combination of both bosons being polarized
longitudinally. This is the balance of transverse momenta of the tagging jets.

A simple visual investigation of the W 235 — QCD background showed that the distributions
of the Z boson’s decay angle and the transverse momentum of the W lepton are identical
between the electroweak and QCD processes. The balance of the jets transverse momenta
shows a different behaviour for the QCD process compared to the electroweak one. However,
it does not mimic the shape of any of the individual helicity combinations.

The next steps are to investigate the sensitivity after detector simulations and including all
other backgrounds and systematic uncertainties. While an observation of longitudinal polar-
izations is unlikely with the data produced during Run-2 of the LHC the availability of a
multitude of sensitive observables might allow it with the help of the High-Luminosity LHC.
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A.2 Comparison of Different Approximations

The following figures show kinematic distributions for samples containing different approxi-
mations. Sample Full contains the full process without approximations and is shown in blue,
Chain employs Madgraphs decay chain syntax and is depicted in brown and WZ was produced
using Madgraph and WZDecay and is shown in green. They are depicted in the VBS phase
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A.3 Comparison of Decay in LabFrame and PCoMFrame

The following figures show kinematic distributions for the samples produced by Madgraph
and WZDecay either using the LabFrame (red) or the PCoMFrame (blue). Shown are events
where the W is polarized longitudinally and the Z transversally. They are depicted in the
VBS phase space.
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A.4 Comparison of WZDecay and Reweighting Method

The following figures show kinematic distributions for samples with longitudinal Z and transver-

sal W bosons. These were produced either by reweighting the Full, Chain or WZ sample or

by using the WZ sample directly.
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transverse momentum W boson

vassam_pT

2 a o F
z T 10F <
§ 10 \5=13TeV, 139.0 b —+WZTL g F (5=13TeV, 139.0 b —+WZTL g | 5=13Tev,130.0f" +WZTL
o Il channels -+ ChainTL o [ all channels ~+ChainTL I all channels —+ChainTL
—+FullTL I —+FullTL 1= —+FullTL
L WZReweightTL L WZReweightTL E ‘WZReweightTL
L #4 Stat. Uncert. ## Stat. Uncert. r # Stat. Uncert.
1 1 I
F 3 E
[ [ b L] 10
i 4 . i
107 [ H L
E 101 ¥
r 7 F 5 2
L 4 10 g
T I N T FUUR FUETE P ST T o | mmmumuuuuuHHHHHH\HHM%H PR I R RS RIS AR
N T N = + T N U
] bt *}ﬁﬂ I 4 z s %j‘* " L s 1
: JNEEE T, #i L : T okt e oy : il
=1 % s 1F =3
£ ! | £ E £
G <3 k 3
R I I P U DU UTN T B SR P P05 b e L Do e e e
0 50 100 150 200 250 300 350 400 450 500 -5 = - 0 50 100 150 200 250 300
p.G,) nG) p.(W)
(a) pr(j2) (b) n(j1) (c) pr(W)
pseudo-rapidity W boson [—— transverse momentum leading Z 1eptop  essumeps o1 transverse momentum W leptop [——
2 2 )
g oL ¥5=13Tev, 139,010 —+WZTL § 105 \5=13Tev, 130.0 b —+WZTL g [ 5=13Tev,139.0f" —+WzTL
] all channels -+ ChainTL i £ all channels ~+ChainTL I all channels —+ChainTL
—+FullTL E —+FullTL f: L —+FullTL
WZReweightTL b WZReweightTL “ WZReweightTL
Stat. Uncert. 1 =1 # Stat. Uncert. L - # Stat. Uncert.
1 E -
£ =
[ 2 1
107 107 ; f
% E o [
1072 1 102k r
2 :
A P PN EUETE PR RS P ST S| C %HHHH‘MHMHMHHHHH‘ PR SN AN AN AT B RV I A
N ISR S D 5 T,.T N 1s5F e N
s 19 4‘% e +i# s 15 +H+ s 15 gt ot +
3 . St by S T 5 f e *1‘+¥ix+i$¥i’+*fﬁi@i+q% *
s s 1 > o = ¥
& 1 + 3 E
@ 0SB L e e e e "’0.5”"Fﬁu‘\H‘\H‘\H‘mumumumu RO P U PO I IO BT IO P
- - -3 -2 -1 0 1 2 3 4 5 0 20 40 60 80 100 120 140 160 180 200 0 8 100 120 140 160 180 200
z W
nw) p.(t) p.(%)
Z w
(d) n(W) (e) pr({7) (£) pr(™)
rapidity leading Z leptop [—— rapidity subleading Z leptop [P—— rapidity leading W leptop [y——
2 2 9
g (5=13TeV,139.0f" —+WzTL © Vs =13 Tev, 139.0 fb* -+~ WZTL e Vs =13 TeV, 139.0 fo* +WZTL
] all channels -+ ChainTL I [ all channels ~+ChainTL I [ all channels —+ChainTL
—+FullTL —+FullTL —+FullTL
r WZReweightTL WZReweightTL WZReweightTL
el # Stat. Uncert. # Stat. Uncert. # Stat. Uncert.
1 1
r 1
%H\mwmmmmu\mmmmmmmm P U S B IR WU WU SN P S . B b b b b e e L
N ‘Tapidiy feading Z 1epiop. N oF: i N E + » +
z R Y = T 2 l'si‘tiﬂﬂ* +oit ot b, it
o E 4y 44t F et ° St oy ° £ R NP S s
s I e e 2 3 = 2 ¥
& osf & & ok
050 bl b b b b b b Lo 050 b b b b b b b e Lo 050 b b b b b becn b b Lo
-25 - -15 -1 -05 0 0.5 1 15 2 25 -25 - 15 -1 -05 0 0.5 1 15 2 25 -25 2 -15 1 -05 0 0.5 1 15 2 25
z 2 w
n(t) n() n%)

(g) n(e7)

(h) n(¢Z)

(@) n(")



A.4 Comparison of WZDecay and Reweighting Method 99

The following figures show the decay angle distributions for samples with two longitudinal
bosons. These were produced either by reweighting the Full, Chain or WZ sample or by using
the WZ sample directly. On top they are depicted in the total phase space and on the bottom
in the VBS phase space. The left side shows the decay angle for the Z while the right side
shows it for the W.
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The following figures show the decay angle distributions for samples with two transversal
bosons. These were produced either by reweighting the Full, Chain or WZ sample or by using
the WZ sample directly. On top they are depicted in the total phase space and on the bottom
in the VBS phase space. The left side shows the decay angle for the Z while the right side

shows it for the W.
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A.5 Comparison of Different Polarizations

The following figures show kinematic distributions for samples produced with Madgraph and
WZDecay. They are depicted in the VBS phase space.

i [ B=13Tev wz +wzLL
all channels +WZLT - +~WZTL
Ll e +WZTT Stat. Uncert.

1074

102

10°F
g 15F
2 = et tﬁ%ﬁﬁiﬂi‘
3 e
K 0.5%‘HmHmHH\mmmmm\mﬁuummuf

0 50 100 150 200 250 300 350 400 450 500
pG)
(a) pr(j2)
pseudo-rapidity W boson [P
i | w=13Tev wz +WZLL
107 E all channels -+ WZLT -+ W2ZTL
£ -+WZTT Stat. Uncert.

107

10°

107

-
N | + +
¥ 15 . .
4 &

5 e . 1
R X v R U A i P TR T
5 -4 -3 -2 -1 0 1 2 3 4

nw)
_ transverse momentum W leptop [rs——
& | E=13Tev wz FWZLL
all channels +WZLT - +WZTL
10t -+WZTT Stat. Uncert.
102
-

N P T T R R PR T I
Y 1sp |
3 E et T |
s I
§ & e
P 0B L L L e L L L

0 40 60 80 100 120 140 160 180 200
i
P, (")

transverse momentum subleading jet [P

(2) PT(EW)

[au]

Sample / WZ

pseudo-rapidity leading jet [F—— transverse momentum Z boson [y ——
e S 10t
& 101k E=13Tev wz +WzLL 27 FVs=13Tev wz WZLL
all channels +WZLT - +-WZTL F all channels +WZLT - -WZTL
—+WZTT Stat. Uncert. r . —+WZTT Stat. Uncert.
L 10725
107
[ 107
T T I P I TN P R A AR AP R
N Y] [ k!
E + + E 1'55 "'t't o bttt
2 st et 2 s onstmesmosstipistitp R
2 e S s Ir T,
2 = S atacs g 2 Her
8 + & E ‘“mtmm
[ S T I FUE FVTE BT N ST PV S [ e T T ' 17 20 S N
-5 -4 -3 - -1 1 4 5 0 50 100 150 200 250 300
na) p.(2)
(b) n(j1) (c) pr(2)
pseudo-rapidity Z boson vessaiz £ transverse momentum leading Z 1€ptop  sssazipn or
E =13 Tev wz FwzLL & [ =13Tev wz FwzLL
1071 all channels +WZLT  +WZTL all channels +WZLT  +WZTL
+WZTT_ Stat. Uncert. 10 -+WZzZTT Stat. Uncert.
102 [
107
107 r
107
107 E
T N BTN NN RS FTU R P | q04b A b e e
N N E -
s +g & s 1.5F jr + +
< + + i< [ *= ettt
3 . s s f e R
=3 = s 1 =
2 e Py 2 £ -
g . il E g .F -,
X P BT B P B T M B 05 v b b b L S Tk Ly L
5 -4 -3 -2 -1 0 1 2 3 4 5 0 20 40 60 80 100 120 140 160 180 200
z
n@ p.()
(e) n(Z) (£) pr(er)
rapidity subleading Z leptop [E—— rapidity leading W leptop [U——
| 5=13Tev wz +wzLL & [ (5=13Tev wz +WwzLL
all channels +WZLT - -WZTL all channels +WZLT - +-WZTL
L -+WzTT Stat. Uncert. r -+~WzZTT Stat. Uncert.
1072
AT P R T P T P ST b 1
b 4 N
158
£ Ii¢¢*‘: *it¢+ %
£ by . s 2
e s e e B
F <4
(ORI N B FUT NN PR NN ST S P 08 L L L
25 -2 -15 -1 05 0 05 1 15 2 25 - -2 - -1 05 0 05 1 15 2 25

n(®) 0%

(h) (%) (i) n(™)



102 A Appendix

A.6 Tables of Helicity Fractions

Table A.1: List of fo(W™) helicity fractions for the W+Z WZDecay sample in different
(pr/In|)-bins of the vector boson in %. The left column represent the root fits in the first
step of the reweighting and the right one the actual fractions as produced by madgraph.

W+
Fit MG \ Fit MG
(V)
0—1 1-2
pr(V)
0—30 [GeV]|48.1+1.7 497+05|544+1.3 522+04
30—60 [GeV]|31.3+£08 31.7+0.2| 34.74+0.7 352402

[GeV]
GeV]

60 —90 [GeV] [ 204+0.7 20.8+0.2|23.4+0.7 234+0.2
[GeV]

90 — o0 [GeV] | 10.1£+£0.3 10.7+£0.1 | 11.1£+£0.4 11.4+£0.1
2—3 3—00

0—30 GeV] | 56.3£1.1 56.0£0.3 | 57.6£0.8 57.3+£0.3

30 —60 [GeV] | 38.4+08 388+02|34.6+09 33.8+0.3

[GeV]
GeV]

60—90 [GeV] |23.9+08 23.94+02|15.6+1.2 17.4+0.3
[GeV] | 10.84+0.6 109401 | 51+11 72402
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Table A.2: List of fo(W™) helicity fractions for the three samples in different (pr/|n|)-bins
of the vector boson in %. The values are as produced by the root fit. This is true even for
the WZDecay sample.

W+
Chain Full WZ | Chain Full Wz
[nl(V)
0-1 1—2
pr(V)
0-30 [GeV] |508+28 545+£58 481+1.7 512421 52.0+£48 544413
30—-60 [GeV] |37.6+14 422436 31.3+08|383+12 36.6+£3.2 347407

(GeV]
(GeV]

60 —90 [GeV] |30.6+1.2 357433 204+07[27.2+12 274433 234+07
[GeV]

90 -0 [GeV||20.1+06 17.8+1.7 10.1+031]19.14+0.7 179+20 11.1+04
2—3 3 — 00
0—30 GeV| | 516 +1.8 446+45 563+1.1|536+14 51.5+3.6 5H7.6=+0.8

60 — 90 22714 220+£38 239+£08|143+1.8 15751 156=£1.2
90 — o0 147+£1.0 123£26 10.8£06|103£20 94+£55 51x1.1

[GeV]

3060 [GeV] [355+1.3 31.0+33 384+08|268+14 25.5+39 34.6+09
[GeV]
[GeV]

Table A.3: List of fo(W ™) helicity fractions for the three samples in different (pz/|n|)-bins
of the vector boson in %. The values are as produced by the root fit. This is true even for
the WZDecay sample.

W
Chain Full W7 ‘ Chain Full W7
Inl(V)
0—1 1-2
pr(V)
0—30 GeV] | 469426 394+52 471416 |4894+20 5204+4.2 494+1.2
30-60 [GeV]||370£1.3 3964+£32 302+08|343+1.2 350+£29 3284+0.7

[GeV]
[GeV]

60—90 [GeV]|28.7+12 30.8+3.1 21.2+0.7[27.3+£12 28.7+3.0 23.6+0.7
[GeV]

90 — oo |GeV||20.3£+£06 19.8+1.6 11.4+£03|18.6+0.7 1814+1.8 13.14+04
2—-3 3— 00

0—-30 [GeV]|503+1.7 492+37 553+1.0|53.1+14 541+34 60.14+0.9

30—60 [GeV]|336+1.2 342+31 378+0.7|31.1+£16 334+41 387+1.0

60—90 [GeV]|21.84+14 21.1+£36 268+08|17.9+23 11.1+56 232414

90 —o00 [GeV] | 1694+1.0 195+28 145+06 | 15.1+25 235+64 17.0+1.6
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A.7 Plots of Reweighting Fit
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Figure A.10: Decay angle distributions of the Z alongside the fit to it for the sample with on-shell bosons. From top to bottom the
transverse momentum of the boson is between 0 — 30 GeV, 30 — 60 GeV, 60 — 90 GeV, 90 — coGeV. From left to right the absolute value
of the pseudo-rapidity is between 0 — 1, 1 — 2, 2 — 3, 3 — o0.
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Figure A.12: Decay angle distributions of the W™ alongside the fit to it for the sample using the decay chain syntax. From top to
bottom the transverse momentum of the boson is between 0 — 30 GeV, 30 — 60 GeV, 60 — 90 GeV, 90 — coGeV. From left to right the
absolute value of the pseudo-rapidity is between 0 — 1, 1 — 2, 2 — 3, 3 — co.
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Figure A.14: Decay angle distributions of the W~ alongside the fit to it for the sample using the decay chain syntax. From top to
bottom the transverse momentum of the boson is between 0 — 30 GeV, 30 — 60 GeV, 60 — 90 GeV, 90 — coGeV. From left to right the
absolute value of the pseudo-rapidity is between 0 — 1, 1 — 2, 2 — 3, 3 — co.
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Figure A.16: Decay angle distributions of the Z alongside the fit to it for the sample of the full process. From top to bottom the
transverse momentum of the boson is between 0 — 30 GeV, 30 — 60 GeV, 60 — 90 GeV, 90 — coGeV. From left to right the absolute value
of the pseudo-rapidity is between 0 — 1, 1 — 2, 2 — 3, 3 — o0.
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A.7 Plots of Reweighting Fit
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